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Abstract 
The goal of this project was to design an advanced wastewater treatment process that reduces total 
organic carbon (TOC) concentrations to 1 or 3 mg/L to comply with groundwater discharge 
regulations for a Zone II or Interim Wellhead Protection Area (IWPA). Wastewater samples from 
the Westford-Acton treatment facility in Massachusetts were used to simulate a facility that would 
be required to comply with these regulations. Treatment alternatives were determined based on 
wastewater characteristics and literature research. The treatment plant used an ultrafiltration 
membrane bioreactor, which caused all organics in the effluent to be dissolved. Dissolved organic 
carbon removal was tested at the bench scale using Hydrodarco 4000 granular activated carbon 
(GAC) alone, MIEX® resin alone, and GAC and MIEX® in series. Individually, each method reduced 
TOC to approximately 4 to 5 mg/L. In series, TOC was reduced to 3 mg/L. Based on the removal 
capabilities of the series configuration; a preliminary design was developed for facilities looking to 
locate within a Zone II or IWPA. This process includes a MIEX® fluidized bed followed by a filter, 
holding tank, and two GAC columns in series. 
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Executive Summary 
The Department of Environmental Protection regulates the effluent from a wastewater treatment 
facility for certain quality measures. In Massachusetts, more stringent regulations are required 
when a wastewater treatment facility is within a certain distance of an aquifer or well. These areas 
are identified as Zone II or Interim Wellhead Protection Areas (IWPAs). One requirement is to meet 
specified total organic carbon (TOC) concentrations in the effluent of wastewater treatment 
facilities. In order to achieve this, treatment facilities may need to implement advanced 
technologies. For this project, the Westford-Acton wastewater treatment facility was chosen to 
simulate a plant required to meet Zone II or IWPA regulations. 
 
The goal of the project was to evaluate advanced treatment processes to reduce organic carbon 
levels in the effluent of a membrane bioreactor (MBR) treatment facility. To meet this goal the 
following objectives were completed: 
 
 Identified wastewater characteristics in the facility 
 Tested adsorption processes for reducing organics 
 Evaluated test results and completed a full-scale design to comply with Zone II or IWPA 
regulations 
 
Samples were collected from five locations in the treatment process and tested for dissolved 
oxygen, temperature, pH, turbidity, chemical oxygen demand, and organics (total and dissolved 
organic carbon, and UV254 absorbance). TOC concentrations at the membrane effluent were 7.0 to 
7.5 mg/L, which was equivalent to DOC due to the ultrafiltration membrane. Also, the organics are 
more hydrophobic in nature than hydrophilic based on the specific ultraviolet absorbance (SUVA). 
Based on the data, granular activated carbon (GAC) and MIEX®, a magnetic ion exchange resin, were 
chosen as possible advanced treatment processes for treating water from the membrane effluent. 
 
Isotherms were found experimentally to model the adsorptive capacity of GAC. This information 
was used to determine the amount of GAC in the carbon bed for a bench scale GAC column. The 
column was run continuously to estimate breakthrough and bed exhaustion. Jar tests were run 
using MIEX® at multiple concentrations and contact times to determine an optimal concentration 
and contact time. Then, tests for multiple loading capabilities were run to estimate bed volume 
sizes for the installation of a fluidized bed reactor in the treatment plant. Finally, MIEX® multiple-
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loading treatment, followed by a GAC column was tested to determine the maximum organic 
removal. 
 
Treatment with either GAC or MIEX® resulted in an approximately 60% decrease in DOC, to 4 to 5 
mg/L. However, the Zone II regulations require 1 or 3 mg/L, depending on travel time to a well. In 
series, wastewater treated with 10 mL/L of MIEX® for 15 minutes followed by 0.875 g of GAC in a 
bench scale column resulted in initial DOC levels of less than 3 mg/L. This effluent quality was only 
sustained for 2.5 to 3 hours; whereas in full-scale systems, GAC systems typically run for 3 to 5 
months before requiring regeneration. Because the combination system could sustain levels of DOC 
below 3 mg/L for a short period of time, this process was determined to be the most viable option 
to reduce the DOC levels as an advanced treatment process for MBR wastewater effluent. Further 
testing would be required to extend bed life prior to implementation. 
 
A model for a full-scale advanced MIEX® to GAC treatment system was designed for implementation 
at the Westford-Acton wastewater treatment facility. The treatment would utilize a fluidized bed, 
continuous flow reactor for MIEX® treatment and two GAC columns in parallel to sustain the flow 
rate of the facility. For a contact time of 15 minutes and a flow rate of 96,000 gpd, the MIEX® 
fluidized bed was sized to have a 1.46 ft diameter and height of 20.05 ft. The GAC columns were 
designed to be 2.3 ft in diameter and 0.67 ft in height. The estimated capital costs for this system 
total $186,000. Recommendations for further testing include developing a new isotherm curves and 
conducting pilot scale tests of the system.   
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Capstone Design 
This project fulfills the requirements of the Major Qualifying Project (MQP) and capstone design at 
Worcester Polytechnic Institute by bringing together previously learned skills, independently 
learned concepts, and current engineering standards. The project addressed realistic design 
constraints and considerations including constructability, economics, environmental impact, and 
the engineering design process. 
 
The goal of this project was to determine the potential to reduce dissolved organics in the effluent 
of the Westford-Acton wastewater treatment facility (WWTF), to comply with wastewater 
discharge regulations of Zone II and Interim Wellhead Protection Area. These regulations limit the 
concentration of total organics leached into the groundwater to less than 1 or 3 mg/L, depending on 
travel time to a well. The goal of this research was to determine a treatment process to be applied in 
existing, small-scale MBR treatment facilities to remove additional organics following the MBR. 
 
The project took into consideration the amount of space available, the effectiveness of post-MBR 
treatment methods, and the number of treatment plant staff when evaluating treatment 
alternatives. For the Westford-Acton example facility, the process was designed for implementation 
near the end of the treatment train, where there was more space and more effective treatment 
options. At this treatment plant, MicroC 1000TM was added to the influent as a carbon source for the 
activated sludge system; thus, organics removal would not be appropriate at this stage. Staffing was 
important to consider for this design example because one operator was present at the facility at 
the time of this study. For this reason, a low maintenance design was a priority. Economic feasibility 
for a small facility was also taken into consideration when determining the amount of MIEX® and 
granular activated carbon (GAC) to be used in the design while still optimizing removal. 
 
First, the wastewater characteristics at various locations within the facility were analyzed to 
determine the need for additional treatment, as well as determine the initial water characteristics 
prior to advanced treatment. Second, research was conducted to determine appropriate treatment 
technologies to reduce organics. Granular activated carbon and MIEX® were identified as potential 
alternatives based on their ability to remove dissolved organic carbon from water. Laboratory 
experiments were designed to test GAC and MIEX® at the bench scale, using batch tests for MEIX® 
and a flow through column for GAC. Data from bench-scale tests were used to design a full-scale 
treatment process for removing TOC and DOC. Finally, recommendations were provided for 
wastewater facilities interested in reducing organic carbon concentrations in their effluent. 
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Chapter 1: Introduction 
The Westford-Acton wastewater treatment facility (WWTF) located on the border of Westford and 
Acton, Massachusetts uses a membrane bioreactor (MBR) to treat approximately 33,000 gallons per 
day (gpd) of residential wastewater. The activated sludge process in the MBR system is a 
suspended growth process that uses microorganisms to convert organics to flocs of biomass. The 
MBR treatment system includes a solid-liquid separation process that draws wastewater through a 
membrane, concentrating biomass upstream of the membrane. Treated wastewater from the MBR 
is disinfected by ultraviolet light (UV), and is discharged to a leach field adjacent to the plant. 
 
Solid-liquid separation processes remove suspended solids from wastewater, but concentrations of 
dissolved organics often remain in the wastewater upon plant discharge. Most wastewater 
treatment facilities are required to remove organics as measured by biochemical oxygen demand, 
but do not have specific regulations on total or dissolved organic carbon (TOC or DOC). 
Massachusetts requires treatment facilities with groundwater discharge within Zone II and Interim 
Wellhead Protection Areas (IWPA) to limit TOC levels to less than 3 mg/L for areas surrounding a 
well that can support 180 days of pumping from the well with no precipitation recharge, and 1 
mg/L for treatment facilities that do not have treatment in unsaturated soils after discharge. Zone II 
and Interim Wellhead Protection Areas are defined in 310 Commonwealth of Massachusetts 
Regulation 22.02: Drinking Water (Department of Environmental Protection, 2009) based on their 
proximity to public wells and wellfields.  
 
Although the Westford-Acton WWTF does not discharge to a Zone II or IWPA, the facility was used 
as a model for research to determine a method for activated sludge MBR treatment systems to 
reduce effluent TOC concentrations. Samples from the Westford-Acton WWTF were analyzed to 
determine wastewater characteristics at various stages in the treatment process. Then, wastewater 
samples were collected after the MBR and prior to UV disinfection, and granular activated carbon 
(GAC), provided by Norit Inc., and Magnetic Ion Exchange resin (MIEX®), provided by Orica 
Watercare, were tested to determine the ability of each product to reduce TOC concentrations. The 
following chapters provide background on wastewater treatment, the Westford-Acton WWTF, 
wastewater discharge regulations, GAC, MIEX®. Then, the test methods and test results are 
presented, followed by treatment recommendations and a full-scale design for reducing TOC in 
wastewater effluent. 
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Chapter 2: Background 
To address the need for enhanced TOC removal in Zone II and IWPAs, several topics were 
researched prior to experimentation and design. The following sections describe the Westford-
Acton wastewater treatment facility, the regulations which restrict TOC levels in wastewater 
treatment facility effluents, and MIEX® and GAC treatment capabilities.   
 
2.1 Wastewater Treatment  
Wastewater treatment is a multi-step process focused towards providing safe disposal of domestic 
wastewater and protecting the Earth’s natural resources. Conventional municipal wastewater 
treatment facilities are designed with up to three treatment stages (primary, secondary and 
advanced treatment) as well as a disinfection process. A typical municipal conventional treatment 
system is shown in Figure 1. 
 
 
Figure 1: Typical Primary and Secondary Treatment, and Disinfection 
 
In wastewater treatment facilities, primary treatment includes bar racks, grit removal, equalization 
and primary settling. Secondary treatment includes biological treatment and secondary settling, 
and advanced treatment includes filtration, carbon adsorption, phosphorous removal, and nitrogen 
control, among others. Commonly used disinfection processes include chlorine, ozone, and 
ultraviolet or ionizing radiation (Davis and Masten, 2009). Treatment facilities differ depending 
upon the geographical location, discharge permit requirements, and the type of community that the 
facility is servicing. Therefore, facilities use varying methods and processes to reach permit 
regulations. For instance, a specific primary treatment processes is selected based on the type of 
secondary treatment process in the facility. An example of this is utilizing an equalization tank to 
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regulate varying influent flow patterns to a membrane bioreactor. This primary equalization was 
selected based on the need for consistent flow to membrane bioreactor treatment systems. Also, 
tertiary treatment processes are added to facilities only if needed to meet permit requirements. For 
example, to increase the removal of phosphorous in plant effluent, coagulants can be added to 
increase particle density and settling. 
 
The following sections discuss primary treatment, secondary treatment, advanced treatment, 
disinfection and membrane treatment as well as provide differing design approaches for each 
treatment process. 
 
2.1.1 Primary Treatment 
The initial processes in a wastewater treatment plant are pretreatment. These processes are used 
to remove large debris that would damage downstream pumps, mixers and other mechanical 
equipment. After, the wastewater flows into the primary settling tank where settleable solids are 
separated from the wastewater (Davis and Masten, 2009). 
 
2.1.1.1 Bar Racks  
Bar racks, also known as screens, are typically installed at the front of wastewater treatment 
facilities. The purpose of bar racks is to prevent large objects from entering the treatment system. If 
large debris is allowed to flow through the treatment facility, mechanical devices could potentially 
break or fail. In addition to repair and maintenance costs, debris could potentially puncture a 
membrane, which would allow untreated wastewater to exit the facility. Bar racks act as a sieve by 
separating larger objects from the wastewater. As the debris accumulates, the racks can get clogged 
and prevent flow through the screening area. Treatment plant bar racks are cleaned manually or 
with mechanical cleaning systems. Manually cleaned bar racks typically have 25 to 50 mm 
openings, while mechanically cleaned systems have openings ranging from about 5 to 40 mm 
(Davis and Masten, 2009). 
 
2.1.1.2 Grit Chambers  
Grit chambers are used to remove smaller dense materials such as sand, broken glass, silt, and 
pebbles. These materials could cause mechanical and operational failures. Grit chambers use 
sedimentation to remove small objects with nominal diameters of 0.20 millimeters or larger 
(Droste, 1997). The three main types of grit chambers are constant velocity horizontal flow 
channels, rectangular grit chambers with a grit washing device, and aerated grit chambers. 
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Horizontal grit chambers are characterized by laminar flow with no lateral mixing. Settling 
conditions in a laminar flow channel are modeled by Type I settling in which particles settle at a 
constant velocity without any chemical influence. Type I settling velocity can be calculated using 
Stoke’s law as shown in Equation 1 for flow conditions in which the Reynolds number is less than 
one. 
 
    
 (    ) 
 
   
     Equation 1  
 
Where:   = density of particle (
  
  
) 
  = density of fluid (
  
  
) 
  = acceleration due to gravity (
 
  
) 
       = diameter of shereical particle (m) 
       = dynamic viscosity (Pa-s) 
 
For conditions with a Reynolds number less than one through a horizontal grit chamber, Stoke’s 
law is valid and particles will settle independently at terminal velocity (Metcalf and Eddy Inc., 
2004). 
 
2.1.1.3 Equalization Tanks 
Equalization tanks are designed to control the flow of the wastewater through the treatment 
process, and are typically used to improve secondary and advanced treatment processes by 
balancing fluxes in influent flows. Wastewater influent to a treatment plant varies depending on the 
time of the day, climate conditions, and the season. Community water use varies during a 24-hour 
span, causing increased flow into the plant during peak hours. Similarly, for combined sewer 
systems, varying climate conditions and geographic locations alter the influent flow due to 
precipitation and seasonal patterns. To account for inconsistency in flow conditions, some 
wastewater treatment facilities use equalization tanks to dampen flow variations. The wastewater 
is collected and stored during peak flows, and allows plant operators to pump water from the tank 
during low flows (Davis and Masten, 2009). 
 
2.1.1.4 Primary Settling  
After pretreatment, the wastewater is processed in a settling tank. The goal of the settling tank is to 
remove the suspended solids through gravitational settling. Primary settling can remove up to 50 to 
60% of the raw sewage suspended solids and approximately 30 to 35% of the five-day biochemical 
oxygen demand (BOD5). During primary treatment, sedimentation is classified by Type II flocculant 
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settling. During Type II settling, particles flocculate to each other and form larger and denser 
particles (Davis and Masten, 2009). Since particle attachment causes change in particle shape and 
size, the settling velocity changes as the density and size of the particles change. The trajectory of a 
typical particle is shown in Figure 2. 
 
 
Figure 2: Settling Trajectory of Particle for Type II Settling 
 
2.1.2 Secondary Treatment 
Secondary treatment is the process of biologically removing organics from wastewater. Two types 
of biological treatment systems are suspended growth and fixed growth systems. In suspended 
growth systems, also known as the activated sludge process, biomass is suspended in the liquid. In 
fixed growth systems, such as trickling filters and rotating biological contactors (RBC), biomass 
attaches to chemically inactive media. This section discusses activated sludge. Fixed growth 
processes are not discussed because they are not pertinent to the Westford-Acton WWTF.  
 
2.1.2.1 Suspended Growth Activated Sludge 
The activated sludge process is a suspended growth biological wastewater treatment process in 
which organic matter is removed from the wastewater. The activated sludge process includes an 
aeration tank and secondary clarifier. 
 
Wastewater flows into the aeration tank and is mixed with pre-existing recycled microorganisms. 
This mixture is called mixed liquor. The mixed liquor is aerated so that the microorganisms have 
enough oxygen to consume organic matter. As the microorganisms grow they flocculate, and form a 
large mass called activated sludge (Davis and Masten, 2009). They convert colloidal and dissolved 
organics into nitrogen, hydrogen sulfide, methane, carbon dioxide, and low-density biomass 
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(Metcalf and Eddy, Inc., 2004). The gases rise to the surface of the wastewater and are released into 
the air. 
 
In the secondary clarifier the activated sludge and biomass settle out, and the wastewater continues 
to the next process. The settled sludge is then either routed back to the aeration tank as return 
activated sludge (RAS) or sent to post treatment processes for further sludge processing as waste 
activated sludge (WAS). Sludge that is not wasted is returned to the aeration tank to increase the 
microbial concentration in the aeration tank. Operators monitor the amount of sludge returned to 
the aeration tank in order to maintain the microbial concentrations and ensure efficient breakdown 
of organic matter. If too many organisms are wasted, then the microbial concentration will be too 
low and the plant will not be able to remove enough organic matter. If the microbe concentration is 
too high because not enough can be removed in the secondary clarifier, thus too much sludge is 
returned and sludge could overflow into the receiving stream (Davis and Masten, 2009). 
 
Equation 2 displays the direct proportionality of active biomass (Xa), to the rate of substrate 
removal (  ) in aerobic biological treatment (Droste, 1997). 
 
    
       
   
                              Equation 2 
 
Where: rs = rate of substrate removal, 
  
    
 
  kmax = maximum rate constant 
  K = half velocity constant   
  Xa = concentration of active biomass, 
  
 
 
 S = concentration of substrate organics, 
  
 
 
 
Substrates are organic matter or nutrients, which are either broken down or left as the limiting 
reagent during biological treatment (Metcalf and Eddy, Inc., 2004). Substrates in wastewater 
treatment can be characterized by BOD, chemical oxygen demand (COD), or total organic carbon 
(TOC). The concentrations of BOD, COD, and TOC measure the organic concentration by measuring 
the microbial oxygen demand or the oxygen required to oxidize the organics present (Droste, 
1997).    
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2.1.3 Disinfection  
Disinfection is a process used to inactivate pathogenic organisms in water and wastewater 
treatment facilities. The Environmental Protection Agency (EPA) requires facilities to disinfect 
wastewater when necessary to protect the public from waterborne diseases. Disinfection during 
water treatment is typically placed at the end of treatment, after removal of organic matter, to avoid 
formation of disinfection byproducts such as trihalomethanes (THMs), haloacetic acid (HAA), 
bromate and chlorite. In wastewater treatment, disinfection is at the end of the system where the 
microbes in activated sludge aren’t killed and organic concentrations are lowest. Disinfection 
inactivates organisms by: (1) damaging the cell wall of organisms, (2) altering cell permeability, (3) 
altering the colloidal nature of the protoplasm, (4) altering DNA and RNA structures in cells, and (5) 
inhibiting enzyme activity. Chlorine, ozone, and ultraviolet (UV) radiation are common disinfectants 
used in wastewater treatment and are listed in Table 1. The effectiveness of each disinfectant is 
dependent upon contact time, concentration of the disinfectant, disinfectant intensity, temperature, 
types of organisms, and nature of the wastewater (Metcalf and Eddy, Inc., 2004). 
 
Table 1: Mechanisms of Disinfection using Chlorine, UV, and Ozone (Metcalf and Eddy, Inc., 2004) 
 
Chlorine Ozone UV radiation 
1. Oxidation 
2. Reaction with available 
chlorine 
3. Protein precipitation 
4. Modification of the cell 
5. Hydrolysis and mechanical 
disruption 
1. Direct oxidation / 
destruction of cell wall 
with leakage of cellular 
constituents outside of cell 
2. Reactions with radical 
byproducts of ozone 
decomposition 
3. Damage of the constituents 
of the nucleic acids 
(purines and pyrimidines) 
4. Breakage of the carbon-
nitrogen bonds leading to 
the depolymerization 
1. Photochemical damage of 
RNA and DNA (eg. 
Formation of double 
bonds) within the cells of 
an organism 
2. The nucleic acid in 
microorganisms are the 
most important absorbers 
of the energy of light in 
wavelength range of 240 to 
280 nm 
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2.1.4 Advanced Treatment  
Advanced wastewater treatment processes are designed to remove pollutants that were not 
removed during secondary treatment and disinfection. These pollutants include nitrogen, 
phosphorous, soluble chemical oxygen demand, and heavy metals. The National Pollutant Discharge 
Elimination Systems (NPDES) permit issued to the facility determine if the facility uses advanced 
treatment and what type of process is used. The location of advanced treatment varies by facility 
and depends on regulations and the design. Several advanced treatment practices, which are often 
referred to as tertiary treatment practices, include filtration, carbon adsorption, phosphorous 
removal, and nitrogen control. At the Westford-Acton WWTF, phosphorous removal, filtration, and 
carbon adsorption are not practiced. Filtration and phosphorous removal are not discussed in this 
section because they are not relevant to the scope of this project. While not practiced, carbon 
adsorption is discussed because of its applicability to total organic carbon removal. 
 
2.1.4.1 Activated Carbon 
Adsorption by activated carbon is used to remove organic compounds. By removing oxygen while 
heating any organic material, activated carbon is produced. Heating the carbon molecule creates 
numerous pores in the molecule, resulting in a large surface area. As the water passes through the 
porous activated carbon, organics present in the water are adsorbed to the surface of the carbon 
while the water passes (Davis and Masten, 2009). Carbon adsorption is further discussed in Section 
2.4.1.  
 
2.1.4.2 Biological Nitrogen Removal 
Sources of nitrogen in wastewater are human waste, food-processing waste, chemical cleaning 
products, and other industrial process waste. Soluble nitrogen in the environment can increase 
algae growth, deplete dissolved oxygen, and cause toxic aquatic conditions, which harm fish and 
other aquatic life. Biological removal of nitrogen is called nitrification-denitrification. 
 
In water, ammonia is hydrolyzed to ionized ammonia, or ammonium, which is favored in acidic 
environments. Nitrification occurs when nitrifying bacteria are present in the wastewater and 
convert ammonium to nitrite and nitrate molecules. Reaction 1 shows the nitrification process. 
Nitrifiers deplete the oxygen in the water through this biological process. 
 
   
          
         
                      Reaction 1 
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The anoxic zone can be used to reduce the nitrate to nitrogen gas through the use of heterotrophic 
bacteria. The bacteria thrive by using the oxygen molecules in the nitrate molecules for respiration.  
Nitrogen gas is bubbled out of the anoxic zone, thus removing nitrogen from the wastewater.  
Reaction 2, displayed below, shows the bacteria denitrification process (Davis and Masten, 2009). 
 
    
                                   Reaction 2 
 
2.1.5 Membrane Filtration  
Membrane filtration uses both chemical and physical properties to obtain solid-liquid separation 
through a semi permeable synthetic material. The process is an alternative to using secondary 
clarifiers, which uses flocculation settling as a solid liquid separation method. There are several 
different types of membranes, which are generally classified by the pore size, applied pressure and 
the molecular weight cutoff. 
  
The four common membrane processes are reverse osmosis (RO), nanofiltration (NF), 
ultrafiltration (UF), and microfiltration (MF). Table 2 displays the membrane type, applied 
pressure, separation mechanism, molecular weight cutoff, and pore sizes (Hager, 2006).  
 
Table 2: General Membrane Characteristics 
 
Membrane 
Operation 
Pressure 
Force 
Separation 
Mechanism 
Molecular 
Weight 
Cutoff, Range 
(DA) 
Pore Size, 
Range, 
Microns 
Operating 
Pressure 
(PSI) 
MF 
Pressure or 
Vacuum 
Sieve > 100,000 0.1 – 10 
 
1 – 30 
 
UF Pressure 
 
Sieve 
 
> 2,000 – 
100,000 
0.01 – 0.1 3 – 80 
NF/ low 
pressure RO 
Pressure 
Sieve + 
Solution/diffusion 
+ exclusion 
 
300 – 1,000 0.001 – 0.01 
70 – 220 
 
RO Pressure 
Solution/diffusion 
+ exclusion 
100 – 200 <0.001 800 – 1200 
 
Pressure is used to force wastewater through the membrane. As shown in Table 2, the smaller the 
pore size the greater the pressure needed to move the wastewater through the membrane. The 
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manufacturer and the type of material the membrane is made from determine the recommended 
pressure and design of the system. Wastewater can be either forced through the membrane by 
pressure on the feed side of the membrane, or drawn through by a vacuum after the membrane. 
Vacuums are generally used during MF and the membrane requires a sturdy frame for protection.  
 
Various configurations of membranes include flat sheets, hollow fibers, tubes, spiral-wound 
cylinders, and rotating flat plates. The most common type of membrane, and the type of membrane 
used at the Westford-Acton WWTF, is the flat sheet membrane. Flat sheet membranes are 
comprised of membrane sheets and support plates, and are often located after activated sludge 
treatment processes. A membrane cartridge houses the membrane sheets welded to a support 
plate. Many cartridges are then slid into a cassette and the quantity of cassettes in the process is 
chosen depending upon treatment capacity of each cassette (Hager, 2006). 
 
2.2 Westford-Acton Wastewater Treatment Facility 
The focus of this project was the Westford-Acton wastewater treatment facility, which is a 
membrane bioreactor (MBR) treatment system. This facility and leach field are located on two acres 
of land in Westford and Acton, and are accessed by Route 119 in Acton. This plant was originally 
built to handle the wastewater produced from three residential projects and six neighboring 
residences on Durkee Lane. Currently, two of these residential projects have been completed and 
are utilizing the WWTF. One project is an apartment complex located south east of the treatment 
facility and the second project is town houses located adjacent to the leach field. This plant was 
designed to accommodate the additional residential buildings in this area because the North Acton 
wastewater treatment plant, which services the surrounding area, was approaching capacity. As a 
result, the Westford-Acton plant was designed to handle 96,000 gallons per day (gpd). The plant 
typically receives 33,000 gpd. The MBR treatment facility minimizes solids and increases biological 
nutrient removal. It utilizes UV disinfection prior to discharge into the adjacent leach field.   
 
The Westford-Acton WWTF consists of three main processes: a collection system, a membrane 
bioreactor wastewater treatment system, and an effluent disposal leach field system (Henderson, 
2004). Figure 3 shows a schematic of the plant, excluding pumps, storage tanks, valves and aeration 
units.  
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Figure 3: Westford-Acton WWTF Schematic 
 
2.2.1 Collection and Pretreatment System 
The water from the developments is pumped into the plant to the pretreatment system. 
Pretreatment at the plant includes a screening system, a grit removal tank, and an equalization 
basin. The screens and the grit removal tank limit the amount of inorganic solids and the 
equalization chamber acts as storage compartment for inconsistent influent flows. To maintain 
successful operation of a MBR, it is important to limit the amount of solids and grit before transfer 
through the membrane, and provide consistent flow to the unit. The screens, grit, and equalization 
tank are designed to manage all three tasks. 
 
The traveling bar screens remove solids larger than 3 mm, and have a bypass pipe around the 
screens in case the screens clog. All solids removed from the screens are automatically transferred 
to a stainless steel hopper, which is manually emptied by the operator. The screens were sized to 
handle five times the average daily flow of approximately 34 gallons per minute (gpm), which is 
equivalent to a peak instantaneous flow of 170 gpm. The screens chosen for the plant are capable of 
handling flows up to 300 gpm which is more than adequate to accommodate for future expansion 
expected to peak at 96,000 gpd or 67 gpm. 
 
The grit removal tank is designed to remove grit with a specific gravity greater than 2.65. The grit 
tank is 3,000 gallons in volume and during peak flow conditions has a hydraulic retention time of a 
little less than one hour. 
 
The equalization tank is 15,000 gallons and designed to accommodate peak flows by distributing 
flows evenly over a 24-hour period. There are two pumps in the tank, which pump water out of the 
basin at 67 gpm. The pumps are controlled by a timer and three float switches. The timer is set by 
the operator to ensure consistent flows over 24 hours. The float switches control the operating 
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status of the pump and notify the operator of low, medium, and high water levels. The float switch 
turns off the pumps at the low water set point to prevent the basin from running dry and the pumps 
from overheating. The mid water set point activates the lag pump so that that both pumps are used 
until the low water set point is reached. The high water set point sounds an alarm, which alerts the 
operator of the high water condition (Henderson, 2004). 
 
2.2.2 Membrane Bioreactor Treatment System        
The membrane bioreactor treatment system can service 96,000 gpd and consists of four unit 
operations: an anoxic tank, an aerobic MBR, a preaeration tank and a UV disinfection process. The 
process is a complete mix activated sludge system (CMAS) and uses a Modified Ludzack-Ettinger 
(MLE) denitrfiication process. The CMAS and MLE process combined with the MBR process are 
designed to remove BOD, nitrify, denitrify, and separate total suspended solids (TSS) from the 
wastewater. 
 
Wastewater that flows out of the equalization tank is split and routed to two anoxic tanks. The 
wastewater then flows to the preaeration tank where air is diffused into the system. The 
wastewater then enters the MBR tank where a portion of the flow is drawn through the submerged 
membranes. The membrane compartments are aerated with coarse bubbles to reduce fouling and 
nitrify ammonia present in the wastewater. Wastewater that is not drawn through the membrane is 
recycled back to the anoxic tank so that nitrified wastewater can undergo denitrification and cycle 
back through the system (Henderson, 2004). 
 
 27 
 
Figure 4: Westford-Acton Flow Splitter, Anoxic Tank, Pre-aeration Tank, and Anoxic Tank (Photo 
Credit: Ryan Shooshan, September 2012) 
 
2.2.2.1 Anoxic Tank and Pre-aeration Tanks  
Influent flows from the equalization tank mix with nitrified mixed liquor from the MBR tank in the 
anoxic tanks. This mixture encourages denitrification or the conversion of nitrate to nitrogen gas. 
The plant has two anoxic tanks that hold 7,650 gallons of wastewater each. There are two pumps in 
the anoxic zones that serve as the RAS and WAS pumps. When the mixed liquor suspended solids 
(MLSS) concentration reaches 18,000 to 20,000 mg/L, sludge is manually wasted by closing the RAS 
valves and opening the WAS valves. The pumps were designed to handle four times the peak flow 
and can pump at 270 gpm or 388,800 gpd (Henderson, 2004). MicroC 1000TM is added daily to the 
anoxic tank by the operator. MicroC 1000TM is a carbohydrate based carbon source that positively 
influences denitrification in the anoxic tank. The added carbohydrates in the tank react with the 
nitrate to produce nitrogen gas (Environmental Operating Solutions, 2006). 
 
Flow Splitter 
Anoxic Tank  
Pre-aeration            
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Membrane 
Bioreactor Tank  
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After the anoxic tank the MLSS flows into the pre-aeration tank. Oxygen in the pre-aeration tank 
assists biological organisms with nitrification.  
 
2.2.2.2 Membrane Bioreactor and Aeration Design 
The Westford-Acton membrane treats wastewater using a microfiltration membrane manufactured 
by Kubota Corporation (Tokyo, Japan). The membrane tank is 10,878 gallons and has a depth of 11 
feet, a length of 14.7 feet and a width of 9 feet. The membrane flux rate, or the rate at which water 
can pass through a square foot of the membrane material, is 11.3 gal/ft2/min at 8°C. To reach the 
flux rate, the trans-membrane pressure (TMP) must be between 2 and 4 pounds per square inch 
(psi). The wastewater is drawn through the membranes by two permeate pumps, which are 
controlled by the control panel for the facility. Each frame or cartridge in the membrane provides 
8.6 ft2 of membrane surface area allowing for 97.18 gpd of treatment through a single cartridge. 
During installation, 125 membrane cartridges with a total treatment capacity of 12,148 gpd were 
placed into one cassette. Eight cassettes with a total treatment capacity of 97,184 gpd were 
designed to treat the maximum loading rate of 96,000 gpd. However, six cassettes were installed in 
the initial construction phase with the stipulation that the final two cassettes would be installed if 
another development were constructed. Since there are two trains in the system, there are 
currently three cassettes in each train.  
 
Each cassette consists of an upper and lower section. The upper half secures the membranes in 
place and the lower section secures the aeration piping and coarse bubble diffusers. The coarse air 
from the diffusers provides a shear force over the membranes reducing solids build up and fouling. 
In addition, the air increases DO, which aids with BOD removal and nitrification processes. Pumping 
431 lb O2/day into the tank effectively cleans the membrane. At the Westford-Acton WWTF, Kaeser 
Compressors, Inc. (Fredericksburg, VA) blowers were installed with a 1.5 factor of safety 
(Henderson, 2004).  
 
2.2.2.3 Ultraviolet Disinfection  
The gravity flow UV disinfection system was designed to manage the peak design flow of 96,000 
gpd. After water is drawn through the membrane it continues to a stainless steel disinfection 
channel. The bulbs lay parallel to the flow pattern and provide radiation at a wavelength of 254 to 
260 nm. At the current flowrate of 4.4 ft3/min, the contact time of UV disinfection is approximately 
40 seconds. 
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2.2.3 Effluent Disposal and Leach Field 
Following membrane and anoxic treatment, sludge is pumped to the sludge storage tank. The 
sludge is thickened by a membrane solid to liquid separation process and is recycled back to the 
holding tank until the sludge is removed from the site. Treated effluent is discharged to a leach field 
consisting of three zones. The following sections describe these processes in more detail. 
 
2.2.3.1 Sludge Storage and Thickening Tanks 
The sludge storage tank of 10,000 gallons was designed based upon peak sludge conditions with a 
15% safety factor. The tank was designed considering the projected monthly generation of 
thickened sludge at the plant was about 8,600 gallons. Aeration with coarse bubble diffusers was 
added to avoid the sludge from becoming septic. 
 
The sludge thickening unit is designed to handle 628 gallons of sludge at once. Sludge is thickened 
by solid to liquid separation through a membrane by a cassette containing ten cartridges, two 5 
gpm pumps, and two 5 SCFM process air blowers. The operator monitors and controls the permeate 
turbidity and flowrate through the membrane using the permeate pumps. The cassette contains the 
same type of membrane used upstream. Sludge is drawn to the membrane by permeate pumps, and 
the membrane filters the water from the sludge. The filtered water is then recycled to the UV 
contact unit and discharged. Sludge enters the thickening unit from the storage tank at the bottom 
of the thickener; the displaced sludge is pushed to the top of the tank and returned by a gravity 
overflow line to the sludge storage tank. 
 
2.2.3.2 Leach field 
The 38,400 ft2 leach field is designed to handle 96,000 gpd and has a loading rate of 2.5 gpd/ft2. The 
loading rate is designed for percolation rates of two to five minutes per inch. When tested, the leach 
field had a percolation rate of less than two minutes. For every linear foot of distribution pipe, six 
feet of leaching area was trenched totaling to 6,400 linear feet. The trenches are laid out parallel to 
each other and are separated by a reserve area, which is only be used in the case of leach field 
failure. The leach field distribution piping is divided into three zones, which allows for the 
discharge water to be cycled to each zone as well as enable the piping to match the grade of the soil. 
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2.3 Regulation of Groundwater Discharge 
Groundwater discharge for wastewater treatment facilities is regulated based on the Groundwater 
Discharge Regulation, 314 CMR 15.00 (Department of Environmental Protection, 2009). More 
stringent regulations are used in protection areas as defined in the Safe Water Drinking Act. 
 
2.3.1 Safe Drinking Water Act 
Source water is the untreated water that feeds a municipal drinking water supply. Source water can 
be in the form of streams, rivers, lakes, or underground aquifers. By protecting these sources, the 
amount of contaminants in drinking water can be greatly reduced. In order to protect the quality of 
public drinking water, congress passed the Safe Drinking Water Act (SDWA) in 1974. The SDWA is a 
federal law which allows the Environmental Protection Agency to set standards based on human 
health for implementation by the states, localities, and water suppliers. The SDWA applies to all 
public water facilities which service more than 25 people, whether publicly or privately owned.  
 
2.3.2 Massachusetts Wellhead Protection Regulations 
Public water supply protection areas, regulated by the Massachusetts Department of 
Environmental Protection (MassDEP), are designated distances around public wellheads to 
safeguard drinking water sources from contamination. Protection areas are broken up into Zone I, 
Zone II, Zone III, and Interim Wellhead Protection Areas and are defined in Drinking Water 
Regulations, 310 CMR 22.02: Drinking Water (Department of Environmental Protection, 2009). 
Zone I is the minimum protective radius around the well or wellfield for well systems that produce 
greater than or equal 100,000 gpd of water. The minimum radius around a well is 400 ft and the 
minimum radius for a wellfield is 250 ft. A Zone II area is the portion of the aquifer surrounding a 
well that can support 180 days of pumping from the well with no precipitation recharge, and a Zone 
III wellhead protection area is defined by the area of the furthest points contributing groundwater 
to a Zone II region. An IWPA is used when municipal departments do not have an approved Zone II 
area. A one-half mile radius around a well or wellfield that has a pumping rate greater than or equal 
to 100,000 gpd defines IWPAs. For pump rates less than 100,000 gpd, Equation 3 is used to 
determine the radius around the wellhead. 
 
  (     )          Equation 3 
 
Where:  R = IWPA radius, ft 
     Pr = Pumping Rate, gpm 
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Public and private WWTFs intended to be built in Zone II and IWPAs in Massachusetts are required 
to meet effluent concentrations listed in Drinking Water Regulations, 314 CMR: Division of Water 
Pollution Control.  Effluent discharge regulations specified are listed in Table 3. 
 
        Table 3: Zone II and IWPA Discharge Regulations 
 
Quality Test Regulation 
TSS 10 mg/L 
Turbidity 5 NTU 
TOC 3 mg/L 
Fecal Coliforms 200 organisms/100mL 
 
Public and private WWTFs intended to be built without treatment in an unsaturated soil, or soil 
that contains air voids, are required to have no less than a two year travel time to the wellhead. 
Effluent regulations for treatment facilities without treatment in unsaturated zones are displayed in 
Table 4. Fecal coliforms are measured from 100 mL samples for seven consecutive days. 
 
Table 4: Zone II and IWPA Discharge Regulations without Treatment in an 
Unsaturated Zone 
 
Quality Test Regulation 
TSS 5 mg/L 
Turbidity 2 NTU 
TOC 1 mg/L 
Fecal Coliforms 0 organisms 
 
2.3.2 Regulations for the Westford-Acton Treatment Facility 
The Westford-Acton WWTF is permitted by the MassDEP. The permit is generated in accordance 
with the Groundwater Discharge Regulation, 314 CMR 15.00. As stated in the permit, this facility is 
not located in a Zone II or Interm Wellhead, thus TOC is not regulated. The research for this project 
is a simulation of a Membrane Bioreactor Treatment Facility in a Zone II area. Table 5 shows an 
overview of discharge permit limits. 
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Table 5: Westford-Acton Discharge Permit Effluent Limits 
 
Effluent Characteristics Discharge Limitations 
Flow 95,000 gallons per day 
B.O.D., 5-day, 20°C 30.0 mg/L 
Total Suspended Solids 30.0 mg/L 
Oil & Grease 15.0 mg/L 
Fecal Coliform Bacteria 200 colonies/100mL 
Total Nitrogen (TKN+NO3+NO2) 10.0 mg/L 
Nitrate Nitrogen 10.0 mg/L 
 
Additionally, the pH must remain between 6.5 and 8.5 at any time. The discharge must not result in 
negative effect on the local groundwater or violate current water quality standards. A complete 
document of the groundwater discharge permit can be found in Appendix F. 
 
2.4 Improving Dissolved Organic Carbon Removal  
The total organic carbon level is a direct expression of the total carbon content covalently bonded 
in organic molecules in wastewater. The dissolved organic carbon fraction is a measure of the 
fraction of TOC that passes through a 0.45-micrometer diameter filter (Eaton, 2005). Wastewater 
treatment facility influent organic carbon levels vary depending on the type of wastewater and the 
location of the plant. The Westford-Acton WWTF has an influent TOC level of 120 to 180 mg/L. As 
detailed in the Section 2.3, there are regulations that restrict the level of TOC permitted in WWTF 
effluents. It is important to minimize the TOC level in wastewater treatment plant effluent near a 
drinking water source because it is easier to prevent TOC from entering the water supply than it is 
to remove it in water treatment (Katsoyiannis, 2007). The Westford-Acton WWTF was used as a 
model to test TOC removal methods. The plant utilizes a membrane bioreactor with a pore size of 
0.4 micrometers, so all the organic carbon after the membrane is dissolved. Therefore, DOC removal 
was tested. The TOC removal can be improved through treatment with granular activated carbon 
adsorption and magnetic ion exchange resins, which are discussed in the following sections.  
 
2.4.1 Granular Activated Carbon 
Granular activated carbon is used in wastewater treatment plants to remove soluble organics and 
inorganics such as nitrogen, sulfides and heavy metals (EPA, 2000). GAC is an advantageous 
removal method because it is chemically stable and readily available. Even at low concentrations of 
organic carbon components, activated carbon has a strong affinity for adsorption (Poltak, 2011). 
Adsorption is a chemical and physical process that utilizes many bonding forces to adhere a thin 
layer of molecules to the surface of the carbon material (Crittenden, 1992). Since it is challenging to 
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differentiate between chemical and physical bonding of the organics and the activated carbon, the 
term “sorption” is used to describe the accumulation of organic material on activated carbon 
(Metcalf and Eddy, Inc., 2004).  
 
Activated carbon is usually made from materials of natural origin (i.e. wood, coal, or peat) but can 
also be produced from synthetic materials such as viscose or rayon (General Chemical, 2012). The 
first step in making activated carbon is carbonization. During carbonization, non-carbon elements, 
such and hydrogen and oxygen, are removed from the compound by pyrolysis. The carbonized 
product is activated by one of two methods, physical or chemical. Activation is a treatment that 
opens up a large number of pores and micropores in the carbon structure (Katsoyiannis, 2007). 
Chemical activation uses various types of dehydration agents to influence decomposition and 
inhibit the formation of tar within the pores of the carbon structure (General Chemical, 2012). 
Physical activation is carried out by heat treatment in presence of oxidizing gases. Some examples 
of these gases are steam, carbon dioxide and air. Once activated, the structure of the carbon has 
many macro- and micropores, creating a large surface area, ranging from 500 to 1500 m2/g 
(Katsoyiannis, 2007). This large surface area is advantageous for adsorption of contaminants in 
gaseous or liquid form because it allows for a greater contact area with the contaminated substance 
(Droste, 1997). 
 
In wastewater treatment plants, granular activated carbon processes are usually located after 
conventional secondary treatment or included in physical-chemical treatment (EPA, 2000). 
Granular activated carbon is normally used in a fixed bed column. The influent wastewater is fed at 
the top and the cleaner effluent water flows out through the bottom. A schematic of a fixed bed 
column is shown in Figure 5.  
 
The pressure head drives the downward flow of the influent water. Depending on plant features, 
the pressure head may be the force of gravity or a pump. For the most effective treatment, the 
influent flowrate should remain constant (EPA, 2000). The purpose of this project was organic 
carbon removal. GAC removes organics from wastewater by adsorption. As more organics are 
adsorbed, the GAC naturally becomes less effective. After a certain amount of organics has been 
adsorbed to the surface of the carbon, no additional organics can be removed from the wastewater 
because the capacity of the activated carbon has been exhausted. 
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Figure 5: Schematic of Fixed Bed Column 
 
2.4.1.1 Mass Transfer Zone of GAC 
The mass transfer zone (MTZ) of a GAC column is the volume of GAC in which sorption occurs. As 
contaminated water flows through the GAC, the top layers of the activated carbon become 
saturated. As GAC becomes saturated, it is not be able to adsorb any additional material, and the 
MTZ will be below the saturated GAC as displayed in Figure 6.  
 
 
 
Figure 6: Mass Transfer Zone of GAC Column with Respect to Time 
 
Breakthrough of the bed occurs when the effluent concentration is equivalent to 5% of the influent 
concentration, and bed exhaustion occurs when the effluent concentration is equivalent to 95% of 
the influent concentration. The height of the mass transfer zone is related to the column height and 
throughput volumes VB and VC and is shown in Equation 4.  
 
 
 
Activated 
Carbon 
Influent 
Water 
Effluent (Treated) 
Water 
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      [
(     )
       (     )
]                              Equation 4 
 
Where: HMTZ = length of the mass transfer zone, m  
  Z = height of the adsorption column, m 
VE = throughput volume to exhaustion, L, m3   
  VB = through put volume to breakthrough, L, m3  
 
2.4.1.2 Adsorption Isotherms  
Adsorption is the transfer of a substance in solution to a separate interface. For GAC, theoretical 
adsorption capacity is determined by finding the adsorbent phase concentration after equilibrium 
is reached at a constant temperature. The capacity can be determined from an adsorption isotherm 
mass balance, which is a function of the adsorbate, the substance that is being removed from the 
solution, the volume of the liquid, the mass of the adsorbent, and the interface that the adsorbate 
accumulates. Equation 5 is the equilibrium mass balance equation for an adsorption isotherm.  
 
   
(      ) 
 
                                    Equation 5 
 
Where: qe = adsorbent phase concentration after equilibrium, mg 
adsorbate/ g adsorbent  
  CO = initial concentration of adsorbate, mg/ L  
Ce = final equilibrium concentration of adsorbate after 
absorption has occurred, mg/ L   
  V = volume of liquid in reactor, L  
 m = mass of adsorbent, g 
 
Equations developed by Langmuir and Freundlich are often used to describe isotherm data. The 
Langmuir adsorption isotherm is used to describe reversible chemical equilibrium between the 
adsorbate and adsorbent, and can be seen in Equation 6. 
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                                    Equation 6 
 
Where:  QM = final equilibrium concentration of adsorbate after 
absorption has occurred, mg adsorbate/ g adsorbent 
  be = Langmuir adsorption constant of adsorbate L/mg  
 
The Freundlich isotherm is most widely used to model adsorption of activated carbon in water and 
wastewater treatment, and can be solved for using Equation 7. 
 
       
 
 ⁄                                     Equation 7 
 
Where: Ke = Freundlich adsorption capacity parameter, (mg 
/g)(L/mg)1/n  
 1/n= Freundlich adsorption intensity parameter 
 
The QM and be values can be determined from a linear plot of the Langmuir equation, and can be 
linearized at least four different ways. Similarly, the Freundlich equation can be linearized to 
determine Ke and n values. Table 6 shows the isotherms and their linear forms. 
 
Table 6: Isotherm Equations and Linear Forms (Kumar et al., 2005) 
Isotherm Equation Linear Form Plot (y vs. x) 
Freundlich 
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2.4.1.3 Norit® GAC 300 and Hydrodarco 4000 
Two types of granular activated carbon were used in this study, GAC 300 and Hydrodarco 4000. 
Both were obtained from Norit Inc. This company recommended both types for removal of organics 
in wastewater. 
 
GAC 300 is made from bituminous coal and is activated using steam. It meets AWWA B100 and 
B604 for potable water use, and NSF/ANSI Standard 61. Specifications of this product include that a 
maximum of 8% of GAC 300 is greater than 8 mesh (2.36 mm), and a maximum of 4% is less than 
30 mesh (0.60 mm) for any sample size. The density of GAC 300 is 0.52 g/mL (32.5 lb/ft3) and the 
effective size is 1.0 mm. GAC 300 is sold in a 55 lb bag for $6.64 per pound (Norit, 2010). 
 
Hydrodarco 4000 is an acid washed activated carbon made from lignite coal and is also activated by 
steam. It meets AWWA B604 standards for potable water use and NSF/ANSI Standard 61. A 
maximum of 5% of Hydrodarco 4000 is greater than 10 mesh (2.00 mm), and a maximum of 5% is 
less than 30 mesh (0.60 mm) for any sample size. The density of Hydrodarco 4000 is 0.39 g/mL 
(24.5 lb/ft3) and the effective size is 0.6 to 0.8 mm. Norit Inc. sells Hydrodarco 4000 in 40 lb bags 
for $7.24 per pound (Hydrodarco, 2010). 
 
2.4.2 Magnetic Ion Exchange 
Magnetic ion exchange using MIEX® resin treatment process (Orica, Watkins, CO) is an effective 
technology for treating waters containing natural organic matter (NOM) (Mergen, 2008). MIEX® has 
been applied in both water and wastewater treatment to enhance the removal of dissolved organic 
carbon. The anionic magnetic exchange property of MIEX® resin beads allow them to increase the 
removal of dissolved organics, attract to other resin beads, and settle quickly.   
 
MIEX® is made from macroporous, polyacrylic material with a nominal diameter of 150 to 180 
micrometers. The porous nature of the resin beads increases the surface area of active sites and 
allows for the rapid exchange kinetics of MIEX® (Mergen, 2008). The ammonia functional groups on 
the surface of the resin are the source of anion exchange properties. Charged organic compounds 
are attracted to the active sites of the MIEX® resin. One limitation is that large organic molecules 
(>5000 Da) and small neutral organics, such as methane (molecular weight <1000 g/mol), are not 
effectively removed by MIEX®. According to research conducted to determine differences in single-
use and multiple-use resin applications, waters with specific ultraviolet absorbance (SUVA) values, 
defined in Section 4.1.3, below 4 L/(m-mg) have higher DOC removal with multiple uses of resin.  
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Based on the wastewater quality of the Westford-Acton membrane effluent, it was hypothesized 
that MIEX® would effectively remove DOC (Mergen, 2008). 
 
MIEX® can be regenerated and reused with little effect on the resin efficiency. A study conducted on 
the fluidized bed application of MIEX® in Sydney, Australia observed the effect of MIEX® 
regeneration on removal efficiency. This study found that for a 100 mL MIEX® bed with a fluid 
velocity of 8.6 m/h over the course of eight hours, the removal efficiency was not effected by more 
than 5% after five regenerations (Zhang, 2008). In a fluidized bed application, 5 to 10% of the resin 
is replaced by fresh resin after a specific number of laboratory-determined bed volume equivalents 
are treated. Bed volume equivalents are determined by the volume of wastewater which can be 
treated by a specified settled MIEX® volume divided by the settled MIEX® volume. Settling time for 
MIEX® is dependent on the size of the testing or operational unit. For one-liter jar tests, resin 
should be settled for one to ten minutes before decanting the treated water (Mergen, 2008). 
Regeneration is accomplished by thoroughly rinsing the used resin in a saturated salt solution. 
Resin can be stored in a cold, dark place, in a 5% brine solution for up to two years. To produce 
fresh resin for reuse, the regenerated resin is rinsed thoroughly with laboratory-grade water to 
remove the chloride ions from the active sites (Zhang, 2006). After the regeneration process, fresh 
resin can be stored in a cold, dark place in reagent grade water for up to one month before it is 
reused. The regeneration process of MIEX® is inexpensive and simple which is ideal for operational 
use. On-sight regeneration is affordable and requires the plant to purchase and dispose of less resin 
(Mergen, 2008).  Figure 7 shows the regeneration process. 
 
 
Figure 7: MIEX® Regeneration Process (Zhang, 2006) 
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MIEX® has been applied in MBR plants as a pretreatment process to minimize fouling of the 
membrane. A study was conducted at the University of Technology in Sydney, Australia to 
determine if MIEX® resin is effective at significantly reducing DOC levels when used as a pre-
treatment for a submerged membrane reactor (Zhang, 2006). This was determined by comparing 
different concentrations of MIEX® resin in the treatment. This research also compared the 
effectiveness of MIEX® and MIEX® with powdered activated carbon (PAC). The study found that the 
removal of organics increased with increased MIEX® concentration and that in less than an hour, 
the removal of TOC began to plateau. From this, the researchers concluded that a contact time of 20 
minutes and concentration of 10 mL/L of MIEX® would optimize removal while considering cost 
and processing time. The study found that the MIEX® process alone is up to 60% efficient at DOC 
removal from wastewater and pairing MIEX® and PAC is up to 80% efficient (Zhang, 2006). Finally, 
the use of MIEX® as pre-treatment to a membrane system demonstrated reduced fouling of the 
membrane due to improved TOC and DOC removal. By studying the transmembrane pressure 
(TMP) over time, the researchers observed an approximately 10 kPa increase over eight hours 
when using MIEX® pre-treatment to a membrane system as opposed to a 45 kPa increase over eight 
hours with only PAC pre-treatment to a membrane system (Zhang, 2006). 
 
Another study conducted at the University of Technology in Sydney, Australia used a fluidized bed 
of MIEX® to enhance dissolved organic removal with a semi-continuous process. The fluidized bed 
was tested with a bed volume of 20, 50, 100, and 150 mL of MIEX® to treat 100 bed volume 
equivalents of wastewater. The resin was regenerated with 2N sodium chloride solution after 
filtering 100 bed volume equivalents. Higher contact time is achieved through the larger MIEX® bed 
volumes. A removal of up to 75% of DOC with 100 mL of MIEX® per 100 bed volume equivalents of 
wastewater was achieved. This study also showed through multiple loading jar tests that a fluidized 
bed of MIEX® resin is capable of efficiently enhancing DOC removal as a pretreatment to a MBR by 
decreasing the DOC of the wastewater from 10 mg/L to approximately 4 mg/L (Zhang, 2007).  
 
In laboratory studies, a fluidized bed of MIEX® is simulated by multiple-loading jar tests. Resin is 
reused for 1250 to 2500 bed volume equivalents, and all treated water is combined to mimic the 
treated water from a fluidized bed of resin (Mergen, 2008). After treating a specified number of bed 
volumes, 5 to 10% of the resin would be regenerated in the full-scale application and replaced by 
fresh resin. Multiple loading jar tests are used to determine the optimum number of equivalent bed 
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volumes to treat before regeneration. The fluidized bed also allows for a continuous flow unit 
operation, which is capable of treating wastewater without disruption of the facility process.  
 
2.5 Background Summary 
Zone II or Interim Wellhead Protection Areas regulate the organic concentration of wastewater 
discharged in close proximity to a drinking water source. The Westford-Acton Wastewater 
Treatment facility was used as a model for other facilities under these regulations. As described, the 
Westford-Acton facility uses a membrane bioreactor to treat municipal wastewater. Granular 
activated carbon and magnetic ion exchange resin were researched as treatment processes in 
conjunction with this facility to reduce DOC in the wastewater effluent. Studies show that GAC and 
MIEX® are capable of removing dissolved organics through adsorption and anion exchange 
respectively.    
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Chapter 3: Methodology 
The following sections describe the experimental design for testing GAC and MIEX® for removal of 
organics from wastewater. The procedures describe sampling, bench scale testing and analytical 
methods. These data were used to determine if a plant similar to the Westford-Acton wastewater 
treatment facility could be improved through enhanced dissolved organic carbon removal methods 
to produce effluent containing less than 1 mg/L TOC.  
 
3.1 Sample Collection at Westford-Acton MBR WWTF 
To establish an understanding of the characteristics of the Westford-Acton wastewater treatment 
facility, wastewater was collected at the plant and tested for quality. The five locations where 
samples were collected are shown in Figure 8. Location 1 is the flow splitter at the plant influent. 
Samples at locations 2 and 3 were in the anoxic tank and membrane bioreactor tank, respectively. 
Finally, samples 4 and 5 were collected at the plant effluent before and after UV disinfection. Grab 
sampling was used because each location where samples were taken was well mixed. Duplicate 
samples at each location were collected on each of five days in order to obtain representative 
values. 
 
For wastewater quality testing, samples were collected at approximately 1 PM for five days spread 
over the course of two weeks. A sample from each location was collected successively from 
Location 1 to 5. Fifteen minutes later, a second sample was collected from each location. During the 
second round of grab sampling, temperature and dissolved oxygen concentrations were recorded 
using a YSI Model 85 Handheld Dissolved Oxygen, Conductivity, Salinity and Temperature System 
(YSI Incorporation, Yellow Springs, OH). All ten samples were collected in one-liter containers and 
stored in a cooler during transportation to the laboratory, where they were stored in a refrigerator 
at 4°C. On the same day of collection, the samples were analyzed for pH, turbidity, UV254 
absorbance, and chemical oxygen demand. On the first day of sampling, total suspended, volatile, 
and dissolved solids were measured. The samples were also preserved for TOC and DOC analysis, 
which was conducted within two weeks. 
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Figure 8: Sample Locations at the Westford-Acton WWTF 
 
 
 
 
Figure 9: Before UV Sampling Location (Photo Credit: Emily Fournier, November, 2012) 
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3.2 Wastewater Quality Analysis 
To determine the current conditions at the plant, wastewater samples from the plant were analyzed 
for organics concentration as well as other water quality parameters.  A summary of these methods 
is shown in Table 7.  
 
Table 7: Standard Method Tests 
 
Parameter Instrument Standard Method Standard 
Method Number 
Chemical Oxygen 
Demand 
 
Spectrophotometer 
 
 
Closed Reflux, Colorimetric 
method 
 
5220 D 
 
 
Collection and 
Preservation of 
Samples 
 
 
1 Liter Nalgene Bottles Collection of Samples 1060 B 
Refrigerator at 4 ˚C 
 
Sample Storage and 
preservation 
 
1061 C 
 
Dissolved Oxygen YSI Model 85 
Handheld Dissolved 
Oxygen, Conductivity, 
Salinity, and 
Temperature System 
 
N/A 
 
 
 
 
 
N/A 
 
 
 
 
 
pH 
 
Fisher Scientific 
Accumet AB15 pH 
Meter 
 
pH Value 
 
 
 
4500 - H+ 
 
 
 
Temperature YSI Model 85 
Handheld Dissolved 
Oxygen, Conductivity, 
Salinity, and 
Temperature System 
 
Temperature 
 
 
 
 
 
2550 
 
 
 
 
 
Total Dissolved and 
Suspended Solid 
Lindberg/Blue M 
Mechanical Oven 
 
 
Total Dissolved solids Dried 
at 180 ˚C, Total Solids Dried 
at 105 ˚C 
 
2540 C,D 
 
 
Total and Dissolved 
Organic Carbon 
 
Shimadzu TOC-5000 
 
 
Total Organic Carbon (TOC) 
 
 
5310 
 
 
Turbidity  
 
Hach Turbidimeter 
 
Nephelometric Method 
 
2130 B 
 
UV254 
 
Cary 50 UV-visible 
Spectrophotometer 
 
Ultraviolet Adsorption 
Method 
 
5910 B 
 
 
Volatile Solids Barnstead/ 
Thermolyne 6000 
Furnace 
Fixed and Volatile Solids 
Ignited at 550 ˚C 
 
2541 E 
 
 
 44 
3.2.1 Dissolved Oxygen and Temperature 
Dissolved oxygen was measured in two ways. The first method involved using a YSI Model 85 
Handheld Dissolved Oxygen, Conductivity, Salinity and Temperature System (YSI Incorporation, 
Yellow Springs, OH) when sampling at the Westford-Acton WWTP. In the field, the DO meter was 
calibrated by setting the altitude of the location and allowing the meter to stabilize for 15 minutes.  
The probe was then placed in the desired water sample and displayed the DO in mg/L and 
temperature in degrees Celsius.   
 
A titration method was used in the laboratory as verification that the dissolved oxygen meter was 
properly reading samples in the field. For DO testing by this method, samples were collected in 300 
mL, headspace free BOD bottles. First, one mL of manganous sulfate solution followed by one mL of 
alkali-iodide-azide reagent was added to the sample. The bottle was then capped, ensuring no air 
pockets were in the sample, and mixed by inverting several times. Next, one mL of concentrated 
sulfuric acid was added. The precipitate was allowed to settle to approximately half the height of 
the bottle. The bottle was then recapped and mixed. Then, 201 mL of the sample solution were 
titrated with sodium thiosulfate titrant until it was a pale straw color. At this point, starch was 
added until the sample solution turned blue. The titration was continued until the sample solution 
was clear. The amount in mL of titrant added was equivalent to the DO in ppm or mg/L. 
Instructions for the preparation of the reagents used in this procedure are provided in Appendix 
A.2 and A.3. 
 
3.2.2 pH  
Samples were tested using the Fisher Scientific Accumet AB15 pH meter (Fisher Scientific, 
Singapore). Before measurement, the meter was calibrated using three pH buffers with known 
values of 4, 7, and 10. Prior to and after each reading the probe was rinsed with reagent grade 
water. The probe was placed into the sample until a steady reading for pH was reached. The probe 
was stored in a storage solution when not in use.  
 
3.2.3 Chemical Oxygen Demand 
Chemical oxygen demand was measured using the accu-TestTM micro-COD test method. The COD 
heater block was preheated to 150°C. Exactly 2.5 mL of wastewater sample was pipetted into a 
twist-cap COD vial with mercury-free reagent (Bioscience Inc., Bethlahem, PA). After, the vial was 
capped, sealed, and shaken to mix the contents. The mixed vial was then placed in the COD heater 
block for two hours, then removed and allowed to cool for 30 minutes. Suspended precipitate was 
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allowed to settle during this time. The sample was then transferred into a transparent cuvette using 
a dropper until the solution reached the marked level. The cuvette was put in the UV-visible 
spectrophotometer (Varian, Palo Alto, CA) with the transparent smooth face positioned towards the 
light source. For the first three sampling locations, the standard range (20 to 900 mg/L) COD 
reagent was used. For the final two locations, before and after disinfection, low range (5 to 150 
mg/L) COD reagent was used. After each test the absorbance was recorded, and the COD was 
calculated using calibration curves. 
 
Calibration curves for the COD tests were found by testing 0, 30, 75, 120, and 150 mg/L 
concentrations of potassium hydrogen phthalate (KHP). The 440 nm wavelength was used to 
measure samples with a low range of COD. The highest standard concentration of 150 mg/L was 
used to set the spectrometer to zero at 440 nm. This method is used because at lower COD 
concentrations, the absorbance will increase, making low range readings more accurate. The 
standard concentration of 0 mg/L was used to set the spectrometer to zero at 600 nm. For the 
standard range of COD, standards were analyzed at 600 nm. The calibration curves were created by 
plotting concentration in mg/L versus the absorbance of each standard, as shown in Figure 10 (low 
range) and Figure 11 (standard range). These calibration curves were used to find the chemical 
oxygen demand levels of the wastewater samples. The absorbance of each wastewater sample was 
measured and the concentration calculated using the line of best fit from the appropriate graph, 
substituting the absorbance of the wastewater sample for “x” to find the COD, “y” of the sample.  
 
 
Figure 10: Calibration Curve for Low Range Vials at 440 nm 
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Figure 11: Calibration Curve for Standard Range Vials at 600 nm 
 
3.2.4 Total Suspended, Total Dissolved, and Total Volatile Solids 
Total suspended, total dissolved and total volatile solids were measured for the first day of samples.  
For total suspended solids, Whatman 47 mm 934 AH glass fiber filters (Whatman, Little Chalfont, 
Buckinghamshire, UK) were pre-rinsed three times with 20 mL of reagent grade water then placed 
in small porcelain dishes. The dishes and filters were dried at 103 to 105°C, cooled for 30 minutes 
in a desiccator, and weighed. Each sample was filtered through a prewashed glass fiber filter using a 
one-liter Erlenmeyer filtration flask. Dissolved solids passed through the filter, and suspended 
solids were retained. The volume that was filtered varied for each sample because the composition 
at each sample site was different. The volume filtered was recorded for later calculations. To 
measure TSS, the filter and collected solids were transferred to the small porcelain dish and put in 
the oven to dry for an hour at 103 to 105°C. Once the sample had cooled in a desiccator for half an 
hour, the dish, filter, and solids were weighed. The weight of the suspended solids was calculated by 
subtracting the weight of the dish and filter from the weight of the dish, filter, and solids. 
 
For total dissolved solids, porcelain dishes were dried in the oven at 103 to 105°C for at least one 
hour. The dishes were then placed in a desiccator to cool for 30 minutes. Each dish was then 
weighed and ready for use. Measuring TDS entailed evaporating all of the water that was filtered 
through the glass fiber filter. The filtered water was put in a porcelain dish, and then placed in the 
oven until all of the water had evaporated. These dishes were then weighed. The weight of the total 
y = 0.0009x + 0.0007 
R² = 0.9995 
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dissolved solids was calculated by subtracting the weight of the dish from the weight of the dish 
and the solids. 
 
Volatile solids were measured by taking the dishes with the total dissolved solids and putting them 
in the muffle furnace (550°C) for about half an hour, where the volatile solids are burned off by the 
high temperature. The dishes were allowed to cool in a desiccator for one hour and then weighed. 
The weight of the volatile solids was calculated by subtracting the weight of the dish dried in the 
muffle furnace by the weight of the dish dried in the regular oven. 
 
3.2.5 Turbidity 
Turbidity was measured using a Hach 2100N Tubidimeter (Hach Company in Loveland, CO).  The 
samples from the wastewater treatment plant were well mixed before they were tested to ensure 
uniformity of the samples. The sample water was poured carefully into the turbidity vial to ensure 
that no bubbles formed. The cap of the turbidity vial was screwed on, and the vial was inverted 
twice to ensure that the particulate matter was well dispersed. The outside of the vial was washed 
with reagent grade water and wiped with a kimwipe to remove any fingerprints or dirt.  After, the 
vial was placed in the turbidimeter with the arrow on the vial facing the arrow on the turbidimeter. 
The cover of the turbidimeter was closed, and after the number stabilized on the screen, the 
reading was documented in nephelometric units (NTU).  
 
3.2.6 Total Organic Carbon and Dissolved Organic Carbon 
Total and dissolved organic carbon were measured using a Shimadzu TOC-5000 Total Organic 
Carbon Analyzer and Autosampler (Shimadzu Corporation, Kyoto, Japan). All glassware used in TOC 
and DOC measurements was acid washed in a 20% sulfuric acid bath prior to use. To make the acid 
bath, 2.5 liters of sulfuric acid were added to 10 liters of reagent grade water. The solution was 
allowed to sit overnight to cool before it was used. The appropriate glassware was submerged in 
the acid bath for at least one hour. After the acid bath, the glassware was rinsed three times with 
reagent grade water and placed upside down on a paper towel to air dry. Once dry, glassware was 
covered with tin foil or an appropriate cap. The following sections describe sample preparation, 
standards, and instrument operation. 
 
3.2.6.1 TOC and DOC Sample Preparation 
Wastewater samples were acidified the day of collection to preserve them for later testing. Two 
vials for each sample at each location were prepared, one for measuring TOC and the other for DOC.  
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For the TOC samples, 40 mL screw cap vials were filled with approximately 30 mL of sample and 
acidified to a pH of approximately 2 with 30 μL of 6N HCl. For DOC, the samples were filtered 
through a Whatman 25 mm GF/C glass fiber filter (Whatman, Little Chalfont, Buckinghamshire, UK) 
that was prewashed with approximately 30 mL of reagent grade water. The DOC sample was then 
acidified in the same manner as the TOC sample. All samples were stored at 4C for up to two weeks 
prior to analysis. 
 
3.2.6.2 TOC and DOC Standard Preparation 
For TOC and DOC testing, stock primary, intermediate, and working standards were prepared. The 
stock primary standard is a 1000 mg/L Potassium Hydrogen Phthalate (KHP) solution. This 
standard was made by drying approximately 0.75 grams of KHP in an oven at 110C for 30 minutes. 
After letting it cool in a desiccator for approximately 20 minutes, exactly 0.5314 grams was 
weighed using an analytical balance and added to a 250 mL volumetric flask partly filled with 
reagent grade water, then brought to the mark with additional reagent grade water. This primary 
stock standard was stored in an amber glass bottle at 4C for up to three weeks.  
 
An intermediate standard of 100 mg/L total organic carbon was prepared only on the days that 
samples were analyzed because the standard can only be kept for two days. To make this standard, 
10 mL of stock primary standard was pipetted into a 100 mL volumetric flask half filled with 
reagent grade water. Then the flask was filled to the mark with reagent grade water and mixed.  
 
On the day of analysis, working standards were prepared to create calibration curves. Each 
calibration curve consisted of three working standards that bracketed the sample concentrations. 
The standard curve for TOC and DOC of samples before and after UV was created with working 
standards of 0, 5, and 10 mg/L. Anoxic and membrane DOC samples were also on this curve. TOC 
was not measured for these locations. Influent TOC and DOC samples were measured using a curve 
bracketed by working standards of 0, 50, and 100 mg/L. To make the appropriate working 
standards, three 100 mL volumetric flasks were used. Each was filled halfway with reagent grade 
water, and then 100 μL of 6N HCl was added to each flask. The appropriate volume of intermediate 
stock was added to each flask and then filled to mark with reagent grade water. 
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3.2.6.3 TOC and DOC Measurement 
Samples from the influent, before UV, and after UV were tested for TOC and DOC. Anoxic and 
membrane samples were analyzed for DOC only. TOC for these samples was not measured because 
they contained recycled activated sludge, which would result in high TOC readings that may have 
exceeded the maximum readable level on the organic carbon analyzer. 
 
The samples were analyzed for TOC and DOC on the Shimadzu TOC-5000 Total Organic Carbon 
Analyzer and Autosampler. Autosampler vials were filled approximately one half of the way with 
the appropriate standards and samples, then covered with parafilm and capped with plastic caps. 
The standards were placed in concentration order from highest to lowest in the standard slots in 
the autosampler rack. Samples were also placed in the autosampler; locations were recorded for 
reference. A quality control check was run by placing a standard in the autosampler tray as a 
sample. There are 16 sample locations in the tray. This meant that up to 14 samples were analyzed 
for each run. If samples were over 10 mg/L, a blank (0 mg/L standard) was run as the last sample 
to flush any residual organics from the analyzer. The instrument was run on the non-purgeable 
organic carbon (NPOC) setting with a three-minute sparge. Each sample was analyzed three to five 
times and the results were averaged to give one reading per sample. Readings were considered 
unusable if they did not meet the standard deviation and coefficient of variation limits (default 
settings on instrument were used). Once one round of testing was finished, the glassware was 
cleaned and the remaining samples were tested using the methods described above. 
 
3.2.7 Ultraviolet Spectroscopy at 254 nanometers 
Ultraviolet Spectroscopy absorbance at 254 nanometers (UV254) was measured using a Cary 50 UV-
visible spectrophotometer (Varian, Palo Alto, CA). Prior to measurement, the samples were filtered 
through a Whatman 25 mm GF/C glass fiber filter (Whatman, Little Chalfont, Buckinghamshire, UK) 
that was prewashed with approximately 30 mL of reagent grade water. The filtered sample was 
placed into a Fisherbrand® Quartz Standard Cell and placed into the spectrophotometer to read 
absorbance at a 254 nanometer wavelength. 
 
3.3 Experimental Design 
The following sections discuss the experiments conducted to test processes for removal of organic 
carbon from wastewater, with a goal of reducing TOC to below 1 mg/L. Experiments were 
conducted using bench scale models of a granulated activated carbon (GAC) column and MIEX® 
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fluidized bed. These treatment methods were chosen for their potential to remove dissolved 
organics and results were compared. 
 
3.3.1 Granular Activated Carbon Testing 
The following sections discuss the methods to determine the capacity of Norit® GAC 300 and 
Hydrodarco 4000 to remove organic carbon using a rotator and a bench scale column. 
 
3.3.1.1 Granular Activated Carbon Rotator 
A rotator was used to determine the adsorbent capacity of GAC 300 and Hydrodarco 4000, obtained 
from Norit Inc. Specifications on both types of activated carbon were discussed in Section 2.4.1.3. 
Wastewater samples were collected before the UV contact location from the Westford-Acton WWTF 
for testing. Collection methods are explained in Section 3.1, and the following section explains the 
methods used to determine the adsorbent capacity of both GAC 300 and Hydrodarco 4000. 
 
First, 0.0150 g, 0.0250 g, and 0.0350 g of GAC 300 and Hydrodarco 4000 were measured using an 
analytical balance. The amount of GAC was determined based on previous research and available 
space in the rotator (Bhakhri et al., 2012). Each mass of carbon was then placed into an acid washed 
vial. Subsequently, 35 mL of wastewater sample from before the UV contact location was pipetted 
into each vial. This was repeated three more times for each weight of GAC, totaling 12 vials for each 
type of GAC. The same mass and number of vials were used for both types of GAC (24 vials total). 
Figure 12 shows the experimental design. 
 
 
Figure 12: GAC Rotator Vial Distribution 
 
The vials were labeled and placed in the rotator. The rotator spun at 70-75 rpm for 24 hours. On 
days 1 and 2, one vial for each type of GAC and weight was removed every six hours and tested for 
UV absorbance at 254 nm, explained in Section 3.2.7. On Day 3, the first time interval was three 
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hours and the remaining two were six hours. This was to obtain data in between the data from the 
previous two days. On the fourth day of testing, ten different masses from 0.01 to 0.1 g by 0.01 g 
increments were tested to observe a greater range of adsorption. 
 
The UV absorbance data were used to make an isotherm curve for each type of carbon as follows. 
First, the UV data were used to estimate the DOC concentrations before (C0) and after (Ce) 
treatment with GAC (see section 4.1.3). Using these values, Equation 5 (discussed in Section 
2.4.1.2), was used to calculate the adsorbent concentration at equilibrium, qe. 
 
   
(      ) 
 
                               Equation 5 
 
For all weights of carbon, the qe values were plotted against the equilibrium concentration, Ce, to 
find the GAC adsorption isotherms. Based on the isotherms, Hydrodarco 4000 was determined to 
remove more organics than GAC 300 (see section 4.3.1) and thus was used in further testing in a 
flow-through column.   
 
3.3.1.2 Granular Activated Carbon Bench Scale Column 
To determine the adsorptive capacity of the Hydrodarco 4000 GAC in a continuous process, a bench 
scale column was designed. A glass column with an adjustable bed height and a one-centimeter 
diameter was used for testing. The adjustable bed height allowed for variations in the GAC bed 
volume. A column 1 cm in diameter was selected to efficiently observe breakthrough and bed 
exhaustion.  
 
The initial wastewater TOC concentration (Co) and adsorbent phase concentration after equilibrium 
(qe) that was determined from the rotator were used for column design. The volume of GAC per 
liter of wastewater was calculated using the relationship in Equation 8. 
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    Equation 8  
  
   Where:  VGAC  = carbon volume, L 
qe  = adsorbent phase concentration after equilibrium, 
mg adsorbate/ g adsorbent 
     C0  = initial concentration, mg/ L 
     Vfluid = volume of  sample, L 
     ρGAC = density of GAC, g/L 
 
The mass of the carbon used in the column was calculated by using Equation 9.  
 
                      Equation 9 
 
The mass of GAC was calculated for various volumes of wastewater. Several test lengths were 
calculated based upon varying sample volumes and the flowrate. The test length is proportional to 
the amount of sample volume.  
 
The setup of the bench scale column included the glass column, a peristaltic pump, and a collection 
system. This is seen in Figure 13. 
 
 
Figure 13: Lab Bench Scale Column (Photo Credit: Adrianna Davis, January, 2013) 
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Prior to loading the column, the specified amount of GAC was soaked in reagent grade water for 30 
minutes to one hour. This was to remove any air trapped in the carbon pores. To remove any fines, 
which result from manufacturing and shipping, the GAC was rinsed with reagent grade water until 
the water ran clear. 
 
Wastewater (after the membrane, prior to UV disinfection) obtained from the Westford-Acton 
WWTF was run through the column at a constant flowrate of 13 mL/min using a Masterflex® L/S 
(Cole-Parmer Instrument Company easy-load model 7518-00 pat no. 4,813,855) pump. This 
flowrate, which is equivalent to a hydraulic loading rate of 4 gpm/ft2, is in the middle of the typical 
range of pilot scale column loading rate of 2 to 10 gpm/ft2 (Armenante, 2012). 
 
Ultraviolet absorbance at 254 nm was used as a surrogate for organic carbon to estimate the 
amount of organics left in the water as well as the percent removal throughout the experiment. 
First, UV254 of the collected plant wastewater was measured as a starting concentration. A sample 
was taken when the wastewater first passed through the column, at time equal to zero. Samples 
were then taken every half hour until three consecutive UV254 readings displayed bed exhaustion. In 
addition to UV254, all samples were prepared for DOC readings in the Shimadzu TOC-5000. Methods 
for DOC preparation are discussed in Section 3.2.6. 
 
3.3.2 Magnetic Ion Exchange Testing 
MIEX® was tested to determine if this process, implemented after a MBR and prior to UV 
disinfection, is capable of reducing the total organic carbon concentration to less than 1 mg/L. This 
was done through a series of standard jar tests and multiple load jar tests. Research on factors 
which effect MIEX® removal have shown no relationship to alkalinity. For that reason, raw water 
was not adjusted for pH prior to testing; thus, samples were at pH 7  1. 
 
3.3.2.1 Jar Testing 
To determine the optimum magnetic resin dose and contact time, a series of preliminary design 
experiments were conducted using standard jar-testing procedures. A Phipps & Bird stirrer (Phipps 
& Bird, Richmond, VA) shown in Figure 14 was used for all experiments. Six half-liter beakers were 
filled with raw water and dosed with 0, 5, 7, 10, 12, and 15 mL of MIEX® per liter of wastewater. 
The samples were mixed at 150 rpm for 60 minutes. Samples of 2 mL were removed at 5, 10, 15, 20, 
30, 40, 50, and 60 minutes for UV254 measurements. The concentrations and sample times tested 
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were determined from methods by Orica Watercare Inc. A time of 60 minutes was used to observe 
when the removal of organics plateaus. Previous research from many water and wastewater 
sources shows that this occurs in less than 20 minutes and is tested for up to 60 minutes.  The 
optimum contact time was determined by graphing the percent removal of UV254 versus time. 
Dissolved organic carbon concentrations were measured with 15 mL samples at 5 and 60 minutes 
to observe the maximum decrease of total DOC based on MIEX® dose. Two consecutive days of 
testing were conducted to confirm these results. 
 
 
Figure 14: Phipps & Bird Stirrer (Photo Credit: Emily Fournier, January, 2013) 
 
3.3.2.2 Multiple-Loading Jar Testing 
Multiple-loading jar testing was used to assess if the magnetic resin is capable of reducing organic 
carbon concentrations when used in continuous operation. Standard jar tests do not reflect how 
resin is used at full-scale because between 5% and 10% of the used resin is replaced by 
regenerated resin during the continuous operation (Mergen, 2008). Multiple loading jar tests with 
10 mL of MIEX® are used to simulate such process with 15 consecutive jar tests giving an 
equivalent resin bed volume (BV) of 1500. Using the previously determined optimum dose and 
contact time, the resin was used in 15 consecutive jar tests to simulate at least 1500 BV. The Phipps 
& Bird stirrer (Phipps & Bird, Richmond, VA) was used for 15 minutes at 150 rpm with MIEX® 
doses of 7 and 10 mL/L based on results from standard jar tests.  The treated water was settled for 
two minutes. A 2 mL sample was collected for UV254 analyses and the remaining volume was 
combined into one large sample containing water from each consecutive jar test. Subsequent jar 
tests were conducted similarly with 500 mL of raw water and the used resin. The combined treated 
water sample represented the equivalent of treated water from an operational magnetic resin 
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fluidized bed unit and was analyzed after approximately 100, 1000, and 1500 BV were treated. 
Methods for UV254 and DOC analysis can be found in Section 3.2.7.  
 
3.3.2.3 Series Multiple-Loading Jar Testing 
To determine if the MIEX® was capable of removing more dissolved organics or if the remaining 
organics do not have an affinity for anion exchange, series multiple-loading jar tests were 
conducted. For this process, multiple-loading tests were completed by treating the wastewater 
twice before collecting the composite sample. A dose of 10 mL/L of MIEX® was added to the raw 
water, mixed at 150 rpm for 15 minutes. The treated water was poured into a second container 
with another 10 mL/L MIEX® dose, mixed and collected in the composite sample. This process was 
repeated seven times to determine the effects of two MIEX® treatments on the wastewater. The 
UV254 absorbance before treatment was compared to UV254 after one treatment and again after two 
treatments to determine if the second treatment significantly improved organic carbon removal. 
 
3.3.3 Magnetic Ion Exchange and Granular Activated Carbon in Series 
Wastewater was treated in a simulated MIEX® fluidized bed prior to being treated in the GAC 
column. The MIEX® fluidized bed simulation was completed similar to the jar test as explained 
Section 3.3.2.1, and the GAC test was completed similar to the bench scale column as explained in 
Section 3.3.1.2. Prior to experimentation, a UV254 reading of the sample water was taken, and a DOC 
sample vial was prepared. After each jar test, the MIEX® was allowed to settle for approximately 
two minutes, and then the MIEX® was magnetically removed from the beaker. UV254 readings were 
taken for the MIEX® treated water. The treated water was then transferred to upstream of the GAC 
column. UV254 readings were taken every 15 minutes from the effluent of the GAC column and 
samples of filtered wastewater for DOC analysis were collected every 30 minutes. When the system 
no longer removed more than 60% of UV254 organics, the experiment was complete. Five and a half 
liters of wastewater were treated with MIEX® and GAC during experimentation. 
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Chapter 4: Data and Analysis 
This chapter presents the wastewater characteristics and experimental results on the removal of 
organic carbon using MIEX®, GAC and combined MIEX® and GAC. The goal was to reduce effluent 
TOC to less than 1 mg/L through advanced treatment. Based on laboratory testing results, 
conclusions were drawn regarding the treatment alternatives and a full-scale system was designed 
for implementation at wastewater treatment facilities.   
 
4.1 Wastewater Characteristics 
Wastewater was characterized at each of five sample locations in the Westford-Acton wastewater 
treatment facility. Figure 8 in Section 3.1 shows each of the locations sampled. The following 
sections summarize the wastewater characteristics. All raw data can be seen in Appendix A. 
 
4.1.1 Total and Dissolved Organic Carbon  
TOC and DOC concentrations were measured for the influent wastewater, before UV and after UV. 
The organics in the anoxic and membrane bioreactor tanks were not analyzed because cell biomass 
is recycled to the anoxic tank to maintain high concentrations, and therefore TOC and DOC 
measurements are not relevant to the design of a post membrane treatment process. 
 
The results in Table 7 show the total organic carbon concentration at each of the three locations on 
five sampling days. Each result is the average of duplicate samples collected at each location on 
each day. As described in Section 4.1.5, temperature and pH data were reasonably consistent over 
the five days of testing.   
 
             Table 8: TOC Concentrations of Sample Wastewater Locations 
 
Day 
Influent 
TOC 
(mg/L) 
Before UV 
TOC 
(mg/L) 
After UV 
TOC 
(mg/L) 
1 155 6.97 6.75 
2 140 7.12 6.84 
3 137 7.20 7.25 
4 140 7.58 6.98 
5 125 6.41 6.28 
Average 139 7.06 6.82 
 
On average, the TOC concentration decreased by 95% through treatment. There was a 3% decrease 
in TOC between the before UV and after UV locations. The concentration difference may be 
insignificant based on the accuracy of the Shimadzu TOC-5000 which is capable of reading 
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concentrations within standard deviation accuracy of less than 200 area counts, or 2.0% of the 
coefficient of variation. The data show that approximately 7 mg/L of organics can be expected in 
the WWTF effluent.  
 
The results in Table 8 show the dissolved organic carbon concentration at each of the locations. The 
average DOC concentration over five days of testing is shown. 
 
Table 9: DOC Concentrations at Sample Wastewater Locations  
 
Day 
 
Influent 
(mg/L) 
Anoxic 
(mg/L) 
Membrane 
(mg/L) 
Before UV 
(mg/L) 
After UV 
(mg/L) 
1 59.7 6.37 8.84 6.87 6.81 
2 69.5 6.90 7.09 7.78 7.06 
3 72.6 8.87 7.81 7.21 7.27 
4 63.0 7.70 8.15 7.19 6.75 
5 67.9 7.14 6.55 6.73 6.32 
Average 66.5 7.39 7.69 7.16 6.84 
 
The average DOC concentrations before UV and after UV were 7.16 and 6.84 mg/L, respectively. 
There was a 4% decrease in DOC levels between the before UV and after UV locations. The DOC 
concentrations shown in Table 8 are nearly the same as the TOC concentrations shown in Table 7 
for the before UV and after UV locations. At both of these locations, DOC accounts for 100% of the 
TOC measured. This confirms that the membrane bioreactor is capable of removing all of the 
particulate organic carbon in the wastewater. It was also noted that dissolved organic carbon was 
reduced by 89% from the influent to the anoxic tank. From the anoxic tank to after UV disinfection, 
the DOC concentration was reduced from 7.39 to 6.84 mg/L, which is a 7% decrease. The goal of 
this project was to design a treatment process to decrease the total organic carbon concentration at 
the plant to 3 or 1 mg/L in the effluent. Because all of the organics after the membrane are 
dissolved, this goal is equivalent to a goal of 3 or 1 mg/L DOC. Thus, advanced treatment is needed 
to reduce the DOC by an additional 4 to 6 mg/L. 
 
4.1.2 Ultraviolet Absorbance at 254 nanometers 
UV absorbance at 254 nanometers is used as a surrogate measurement for organic carbon in 
wastewater because most organics absorb light at the UV254 wavelength. Ultraviolet light at 254 
nanometers is capable of detecting reactive or aromatic carbons, a form of dissolved organic 
carbon. Data were collected on days two to five of testing. Absorbance is measured in cm-1. The 
results of testing UV254 are shown in Table 9.   
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It was observed that most reactive and aromatic carbons that are removed in the wastewater 
treatment plant are removed in the anoxic tank by the biomass. There was a very small decrease in 
the UV absorbance from the before UV to after UV locations.  
 
Table 10: UV Absorbance at 254 nanometers at Sample Wastewater Locations  
 
Day 
Influent 
(cm-1) 
Anoxic 
(cm-1) 
Membrane 
(cm-1) 
Before UV 
(cm-1) 
After UV 
(cm-1) 
2 0.467 0.185 0.158 0.180 0.160 
3 0.535 0.207 0.196 0.156 0.153 
4 0.565 0.218 0.190 0.159 0.156 
5 0.503 0.161 0.183 0.149 0.151 
Average 0.518 0.193 0.182 0.161 0.155 
 
4.1.3 Total Organic Carbon and UV254 Relationship 
It has been demonstrated that TOC concentration is directly proportional to the UV254 absorbance 
(Edzwald et al., 1985). This relationship can be used to predict TOC concentrations for wastewater 
using UV254 measurements. From the wastewater data collected on days 2 to 5, UV254 absorbance 
was plotted versus TOC concentrations and linear regression equations were calculated using 
Microsoft Excel. Table 10 summarizes the three linear regression lines, one using data from the 
before UV location, one using data from the after UV location, and one using both of these sets of 
data (post membrane). As shown in Table 10, the R2 values are low. Only data from before UV and 
after UV was used, which limited the TOC range and also the UV254 range. Influent data were not 
used to create the linear fit for these data because the TOC values were much larger than those at 
the effluent, which caused a larger percent error when estimating effluent TOC. The R2 value for the 
post membrane line is higher than the other two lines, but is not close to one, which indicates a 
poor model of the data.  
 
         Table 11: Linear Regressions Equations Relating TOC and UV254 
 
Data Used Linear Regression R2 Value 
Before UV TOC = 6.198(UV254) + 6.079 0.0258 
After UV TOC = 28.311(UV254) + 2.4549 0.1055 
Post Membrane TOC = 54.462(UV254)-1.5116 0.2981 
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The equations were then used to estimate TOC based on UV absorbance of the day 2 to 5 samples. 
Then, the percent error between the estimated and measured TOC was determined to evaluate the 
accuracy of the regression lines. Table 11 summarizes predicted TOC values and error calculations 
for each of the three lines. 
 
Table 12: Errors in Predicting TOC from UV254 using Linear Regression Equations  
 
Location 
Measured 
 
Before UV Regression 
 
After UV Regression 
 
Post Membrane 
Regression 
 
  
UV 
absorb 
(cm-1) 
TOC 
(mg/L) 
Predicted 
TOC 
(mg/L) 
% Error 
Predicted 
TOC 
(mg/L) 
% Error 
Predicted 
TOC 
(mg/L) 
% Error 
Before 
UV 
  
  
  
  
  
  
  
0.195 6.96 7.29 4.69 7.96 14.4 9.09 30.6 
0.165 7.29 7.10 2.57 7.11 2.39 7.45 2.22 
0.156 7.16 7.04 1.61 6.86 4.14 6.97 2.67 
0.157 7.24 7.05 2.66 6.89 4.86 7.02 3.04 
0.159 8.18 7.07 13.6 6.96 14.9 7.15 12.6 
0.16 6.98 7.07 1.28 6.97 0.08 7.18 2.89 
0.152 6.38 7.02 10.1 6.77 6.15 6.79 6.45 
0.146 6.44 6.98 8.52 6.59 2.41 6.45 0.14 
After UV 
  
  
  
  
  
  
  
0.164 6.85 7.09 3.64 7.10 3.64 7.41 8.31 
0.155 6.84 7.04 2.95 6.85 0.17 6.95 1.55 
0.153 7.33 7.02 4.10 6.78 7.51 6.80 7.18 
0.154 7.17 7.04 1.82 6.82 4.78 6.89 3.83 
0.155 7.06 7.04 0.31 6.85 3.03 6.94 1.73 
0.156 6.90 7.05 2.06 6.87 0.50 6.98 1.10 
0.148 6.25 7.00 12.0 6.65 6.45 6.57 5.04 
0.153 6.31 7.03 11.4 6.78 7.57 6.82 8.08 
 
 
The regression line using post membrane data was chosen to minimize the error in TOC 
predictions. Almost all of the calculations have less than 10% error when this regression equation 
was used. Therefore, Equation 8 was used during the bench scale testing to predict TOC 
measurements based on UV254 data in order to obtain immediate information on organic carbon 
removal through treatment (samples were later analyzed for actual DOC concentration). This 
equation was sufficient for the experiments because it was used to quickly observe a relative 
decrease in the TOC levels of the wastewater rather than calculate the exact TOC values. 
 
[TOC] mg/L = 54.462 * (UV254) - 1.5116   Equation 8 
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DOC data after the membrane, before and after UV disinfection was used to calculate a regression 
line to predict DOC concentration, as shown in Equation 9. Equation 9 has an R2 value of 0.2326, 
which is comparable to that of the TOC regression. Again, this regression line was used to estimate 
DOC levels based on UV254 readings from preliminary experiments. Table 28 in Appendix A.8 
displays the error calculations for this regression line. 
 
[DOC] mg/L = 12.968 * (UV254) + 5.0129   Equation 9 
 
4.1.4 Chemical Oxygen Demand 
Chemical oxygen demand was measured using a spectrophotometer set at a wavelength of 440 or 
600 nanometers. Chemical oxygen demand calibration curves were used to calculate the COD levels 
in the wastewater, as explained in Section 3.2.3. Chemical oxygen demand was measured because it 
can be used to indirectly measure the amount of organics in the water. Table 12 shows the daily 
average COD levels for the five preliminary days of testing. 
 
Table 13: Daily Average Chemical Oxygen Demand Data at Wastewater Sample Locations  
 
 Sample 
 
Influent 
(mg/L) 
Anoxic 
(mg/L) 
Membrane 
(mg/L) 
Before UV 
(mg/L) 
After UV 
(mg/L) 
Day 1 128 2184 2261 3.80 2.80 
Day 2 209 2067 2417 13.7 8.40 
Day 3 238 3103 3858 14.6 11.4 
Day 4 359 3278 3625 10.1 7.90 
Day 5 255 3214 3718 7.60 6.10 
Average  238 2769 3176 9.90 7.30 
 
 
4.1.5 Turbidity 
Turbidity was measured using the HACH 2100N Turbidimeter (Hach Company, Loveland, CO). This 
test was carried out for all locations. However, the anoxic tank and membrane compartment 
consistently read above the range of the instrument, which is 4000 NTU. This is because of the 
recycled sludge, which causes the water to be extremely turbid. Table 13 shows the daily average 
turbidity readings from two samples for four days. Turbidity was not measured on Day 1.  
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 Table 14: Turbidity Data at Wastewater Sample Locations  
 
Sample 
Influent 
(NTU) 
 
Anoxic 
(NTU) 
 
Membrane 
(NTU) 
 
Before UV 
(NTU) 
 
After UV 
(NTU) 
 
Day 2 134 >4000 >4000 0.520 0.300 
Day 3 102 >4000 >4000 0.340 0.165 
Day 4 150 >4000 >4000 0.290 0.232 
Day 5 164 >4000 >4000 0.160 0.150 
Average 137 >4000 >4000 0.328 0.212 
 
4.1.6 Dissolved Oxygen, pH, and Temperature 
Dissolved oxygen, pH and temperature were measured to determine what values should be 
expected in later testing. Dissolved oxygen levels and temperature were measured once at each 
location using a handheld system at the plant. The results for these tests showed that data were 
consistent at individual locations for the five days of testing. It was also observed that the pH 
remained within the neutral range throughout the plant. A summary of these results can be seen in 
Table 14 and detailed data for each of these tests can be found in Appendix A. 
 
Table 15:  Five Day Average of Dissolved Oxygen, pH, and Temperature at Wastewater 
Sample Locations  
 
Test Influent Anoxic Membrane Before UV After UV 
Dissolved Oxygen 
(mg/L) 
 
0.73 0.56 3.07 4.60 4.50 
Temperature 
(°C) 
 
20.7 22.4 22.5 23.3 24.0 
pH 6.84 6.73 6.76 6.99 7.04 
 
4.2 Discussion of Wastewater Characteristics 
The following sections discuss trends and relevance of the wastewater quality data at the Westford-
Acton wastewater treatment facility.   
 
4.2.1 Total and Dissolved Organic Carbon  
The initial TOC and DOC concentrations were primarily reduced in the anoxic tank by creation of 
biomass, where approximately 94 to 97% of TOC and 80 to 90% of the DOC was removed. The DOC 
values before UV and after UV mirror the TOC values recorded in the same locations. Additionally, 
the pore size of the membrane in the Westford-Acton WWTF is 0.40 micrometers and DOC is the 
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portion of TOC that can pass through 0.45 micrometers. Therefore, all the TOC measured at the 
before UV and after UV locations should be DOC. 
 
The average DOC value before UV is 7.16 mg/L. For WWTFs located in Zone II wellhead protection 
areas, TOC values are required to be below 3 mg/L except in the case of a two-year travel time 
where TOC values are regulated to be no greater than 1 mg/L. While the Westford-Acton plant is 
not discharging within a Zone II well head protection area, other wastewater treatment plants with 
similar unit operations and similar effluent TOC concentrations may have to use additional 
treatment methods to reduce TOC to below 3 mg/L or 1 mg/L based on the travel time of the 
effluent to a groundwater well. For membrane bioreactor plants, the TOC regulation is equivalent to 
a DOC regulation since all of the organic carbon is in the dissolved form after the membrane. 
 
Both TOC and DOC values were reduced from before UV contact to after UV contact. The average 
TOC was reduced from 7.06 to 6.82 mg/L, and the average DOC was reduced from 7.16 to 6.84 
mg/L. Advanced oxidation processes (AOP), such as UV contact with ozone or hydrogen peroxide, 
have the ability to reduce aromatic carbons. The reduction of DOC concentration by UV may be a 
result of the ability of UV to eliminate aromatic carbons. 
 
4.2.2 Ultraviolet Absorbance at 254 nanometers 
Ultraviolet absorbance at 254 nm was measured several times during experimentation, whereas 
TOC and DOC measurements were taken less often. Estimates of TOC and DOC can be determined 
using UV254 data, which can be obtained in minutes compared to hours or days for TOC. The 
regression equations developed could predict TOC and DOC typically with less than 10% error. 
When testing treatment options, UV254 was used as an indicator for TOC and DOC for an immediate 
understanding of the results. Equations 9 and 10 from Section 4.1.3 were used to estimate the TOC 
and DOC concentrations, respectively. It should be noted that these estimations were likely 
inaccurate at low UV254 readings. For example, to reach 1 mg/L DOC using Equation 9, the 
ultraviolet absorption would need to be -0.309 cm-1. The error calculations described in Section 
4.1.3 may be a result of human error in preparing organic-free lab equipment as well as error in the 
accuracy of the spectrophotometer readings. TOC and DOC were measured using the Shimadzu 
TOC-5000 for key experimental results to determine actual levels.  
 
Specific ultraviolet absorbance (SUVA) is a relationship between UV254 and organic concentration. 
SUVA is used to characterize organic carbons in water samples. Research has shown that SUVA 
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values between 2 and 4 L m-1mg-1 are characteristic of a mixture of hydrophobic and hydrophilic 
organic carbons. High SUVA values (>4 L m-1mg-1) signify that the organic carbons are hydrophobic 
in nature. Generally, SUVA values greater than 2 L m-1mg-1 indicate good DOC removal 
characteristics achieved by enhanced coagulation techniques (Mergen, 2008). Table 28 in Appendix 
A.8 shows that the effluent SUVA values for before UV and after UV are approximately 2.1 to 2.4 L 
m-1mg-1. Thus, the organics are humic with a more hydrophobic nature, which have been shown to 
have higher DOC removal with resin processes, such as a fluidized bed treatment (Mergen, 2008). 
For this reason, it was concluded that there was potential for enhanced DOC removal by a MIEX® 
continual treatment process. 
 
4.2.3 Dissolved Oxygen, pH, Temperature, Chemical Oxygen Demand, and Turbidity 
Further testing of turbidity, temperature, DO, COD and pH were used to characterize the water at 
the treatment facility. The data from testing show that all five parameters were relatively consistent 
throughout the five days of testing, but vary from location to location within the facility. The 
regularity shown in these tests gives consistent wastewater characteristics to be used in the design 
process. Temperature and pH measurements were taken as a benchmark for samples collected in 
subsequent testing.  
 
4.3 Granular Activated Carbon Treatment 
The following sections discuss results obtained from treatment with GAC. The tests included using a 
rotator to develop isotherms and a GAC column to remove DOC from wastewater. Four days of 
testing were conducted in the rotator and one day of testing was conducted for the GAC column. 
 
4.3.1 Granular Activated Carbon Adsorption Capacity 
To determine the adsorption capacity of the two types of activated carbon, isotherms curves were 
determined using a rotator. Different weights of carbon were placed in acid-washed vials with 
wastewater samples. The amount of carbon was determined by previous research showing that 
0.01 to 0.08 g of activated carbon was used to adsorb 200 to 1000 mg/L organic carbon.  The 
analytical balance used could not consistently measure less than 0.01 g of GAC, thus this was the 
smallest amount of GAC used. Data were collected over four days. After three days of testing, 
adsorption trends were not clear and thus additional testing was done with more weights over a 
wider range on day four. The vials were placed in the rotator for 24 hours and organic carbon 
adsorption by GAC was measured using UV254 measurements. The compiled isotherm curves for all 
four days of testing are shown in Figure 15. This figure shows the isotherms for both GAC 300 and 
Hydrodarco 4000. 
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Figure 15: GAC 300 and Hydrodarco 4000 Adsorption Isotherms – Day 1 through Day 4  
 
Adsorbance (qe), which was calculated using Equation 5 in Section 2.4.1.2, increases with respect to 
the final equilibrium concentration (Ce). As shown in Figure 15, the compiled data show a general 
trend of increasing adsorbance with increasing amounts of GAC. This relationship is better depicted 
when observing the data from day four only (see Figure 16). Day four of testing was conducted with 
GAC weights ranging from 0.01 to 0.1 g of GAC. A linear trend of increasing adsorption with 
increased GAC is clear from this day of testing. Complete data for these four days is compiled in 
Appendix B.1.   
  
 
Figure 16: GAC 300 and Hydrodarco 4000 Adsorption Isotherms for Day 4 
 
In order to determine which type of GAC to use for column testing, the adsorbance of Hydrodarco 
4000 and GAC 300 were compared. The amount of organic carbon (UV254) that was removed by the 
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same mass of both types of GAC over a 24-hour period can be seen in Figure 17. This graph shows 
that Hydrodarco 4000, represented by the square data points, consistently removed more organic 
carbon than the GAC 300.  
 
 
Figure 17: Hydrodarco 4000 and GAC 300 Comparison 
 
4.3.2 Granular Activated Carbon Column Test Results 
Wastewater from the before UV location was run through 1.75 g of Hydrodarco 4000 in a glass 
column at a constant flowrate using a peristaltic pump. Equations 8 and 9 in Section 3.3.1.2 were 
used to determine the mass of the carbon bed. Detailed calculations can be found in Appendix B.3. 
Column effluent samples were collected every 30 minutes for nine and a half hours. These samples 
were prepared for DOC testing and also tested for UV254 absorbance (as a surrogate reading to 
observe trends in organics removal in real-time). A decreasing trend of UV254 absorbance 
demonstrates a reduction in organic concentration. Figure 18 shows the UV254 readings with 
respect to time and Figure 19 shows DOC readings in the column effluent. As shown in Figure 19, 
relatively stable effluent readings of around 5 to 6 mg/L were achieved over several hours during 
the column testing.  
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Figure 18: UV254 Absorbance of the Lab Bench Scale Model 
 
 
Figure 19: DOC Concentrations of the Lab Bench Scale Model 
 
4.4 Granular Activated Carbon Design Discussion 
The following sections discuss the results that were obtained from rotator testing and the GAC 
column test. The results from the rotator tests were used in designing the GAC bench scale column. 
 
4.4.1 Granular Activated Carbon Rotator  
Removal of TOC can be quantified by calculation of the adsorption isotherm (qe), as described in 
Section 2.4.2.2. After four days of testing, inconsistencies in the data were apparent. The adsorption 
capacity of the GAC varied with the final equilibrium concentration of the adsorbate, which is 
displayed in Figure 15. Due to variation in the data, ten samples of wastewater were treated using 
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representative relationship between the isotherm and the final equilibrium concentration of the 
adsorbate. The isotherms are shown in Figure 16. 
 
Based on UV254 readings, Hydrodarco 4000 achieved a higher removal of TOC than GAC 300. A 
0.1003 g sample of Hydrodarco 4000 yielded a UV254 reading of 0.0038. The comparable mass of 
0.1008 g of GAC 300 yielded a UV254 reading of 0.0176. Both of these readings were taken after 24 
hours. Based on the UV254 test, Hydrodarco 4000 consistently removed more organics than GAC 
300. Although Hydrodarco 4000 costs $290 for a 40 pound bag, which is approximately $25 more 
expensive than GAC 300, it was chosen for the bench scale column because of its ability to better 
remove organics. 
 
To determine the amount of carbon to use in a lab-bench scale column, the isotherm for 
Hydrodarco 4000 was used. The equation of the trend line can be seen in Equation 10. 
 
qe = 7.6257Ce – 37.261    Equation 10 
 
Using Equations 6 and 7, shown in Section 3.3.1, it was determined that 1.75 grams of GAC would 
be used in the column. Theoretically, this would require approximately five liters of wastewater 
sample to run through the column at a loading rate of 4 gpm/ft2. Calculations for the sizing of the 
column can be seen in Appendix B.3. 
 
4.4.2 Granular Activated Carbon Column Test 
Raw data for the column experiments is shown in Appendix B.2. Breakthrough is reached when 5% 
of the initial sample concentration remains in the effluent. Bed exhaustion is achieved at 95% of the 
initial sample concentration. To determine the times at which these two points were reached, 
percent removal was calculated for both UV254 and DOC readings (see Appendix B.2). The starting 
dissolved organics concentration in the wastewater was 7.75 mg/L. Therefore, breakthrough would 
occur when the column effluent reached 0.39 mg/L. As shown in Figure 19, the first sample 
collected at time zero had a concentration of 1.14 mg/L (6.8% of influent) and the concentration of 
DOC continued to rise from that point forward. Therefore, a breakthrough time could not be 
calculated.  
 
Bed exhaustion would occur when the column effluent was 0.1576 cm-1 or 7.36 mg/L DOC. Based 
on UV254 readings, exhaustion was reached after 8.5 hours because the UV254 going into the column 
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was 0.17 cm-1 and the UV254 in the effluent of the column was 0.17 cm-1. The column was run for an 
additional hour past this point to ensure exhaustion. Subsequently, DOC values were analyzed to 
determine if exhaustion had been reached. After nine hours of testing, the effluent DOC 
concentration was 6.15 mg/L (80% of influent), still below the exhaustion level. This showed that 
the carbon bed did not actually reach exhaustion, as was suggested by the UV254 readings. This can 
be explained by a study conducted at the Technical University of Szczecin in Poland, which tested 
removal of organic matter using powdered activated carbon (PAC). This experiment found that 
UV254 readings approximated a lower DOC than was actually present (Tomaszewska et al., 2004). 
All types of DOC that the Shimadzu TOC-5000 is capable of detecting may not be detectable by UV254 
(Edzwald et al., 1985). 
 
While the DOC in the column effluent was between approximately 1 and 4 mg/L during the first 
hour, the DOC was near 6 mg/L for most of the column testing time (1 to 9.5 hours). The early 
column effluent samples may have been diluted by reagent grade water that was in the column 
when the column was put on-line. 
 
4.4.3 Conclusion of Granular Activated Carbon Design Tests 
The column test achieved DOC effluent levels of below 3 mg/L before a half hour passed; however, 
this may have been affected by dilution from reagent grade water already in the column prior to 
startup. This level is consistent with achieving the 314 CMR 05.10 (4A)(a) Zone II wellhead 
protection standards explained in Section 2.2.1. However, the GAC column did not produce results 
below 1 mg/L as required by the two year Zone II wellhead protection (314 CMR 05.10 (4A)(c)). 
From 1.5 to 9.5 hours, DOC levels gradually increased from approximately 4 mg/L to 6 mg/L. This 
amount of DOC (analogous in these experiments to TOC) in the effluent is not allowable by either 
Zone II wellhead protection standard. These results showed that a GAC column will not remove a 
sufficient amount of organic carbon to be compliant with Zone II wellhead protection standards. 
 
4.5 Magnetic Ion Exchange Treatment 
The following sections discuss results obtained from MIEX® testing. The tests include jar testing to 
determine the appropriate concentration and contact time. Multiple-loading and series multiple-
loading jar tests were conducted to determine the ability of MIEX® to remove DOC from 
wastewater.  
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4.5.1 Magnetic Ion Exchange Jar Test Results 
A range of MIEX® doses from 2 to 15 mL/L were tested in individual jar tests based on 
recommendations from Orica Watercare. Ultraviolet readings at 254 nm were taken at 5, 10, 15, 20, 
30, 40, 50, and 60 minutes to determine the optimum MIEX® dose and contact time. Two 
consecutive days of testing were conducted to ensure consistent results. Figure 20 shows the 
percent removal of UV254 versus time. The data shows that the percent removal from each MIEX® 
dose begins to plateau after ten minutes. Data from the second day of testing show a similar trend 
and can be found in Appendix C.1. 
 
 
Figure 20: Percent of UV254 Removed Over Time from Day 1 MIEX® Jar Test Results 
 
In these tests, doses of 5 mL/L and higher were able to remove greater than 50% of UV254 in the 
first 15 minutes of testing. Comparing the doses, a 7 mL/L dose of MIEX® removed approximately 
61% of UV254, while 12 mL/L removed 66%. The 15 mL/L dose of MEIX® was superior to lower 
doses at the 5 minute contact time; however, removal of UV254 from 10 to 60 minutes was similar to 
the 12 mL/L dose. After a 60 minute contact time, concentrations between 7 mL/L and 15 mL/L 
removed on average 60% UV254. Based on these results, 7 and 10 mL/L of MIEX® were chosen for 
further testing. 
 
4.5.2 Magnetic Ion Exchange Multiple-Loading Jar Test Results 
Multiple-loading jar tests were used to simulate the removal capabilities of a continuous MIEX® 
treatment process. Table 15 shows the results for the composite DOC measurement after a given 
number of bed volumes were treated.  
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Table 16: Two-Day Average DOC Results for Multiple-Loading Jar Test 
 
0 mL/L MIEX® 
 
7 mL/L MIEX® 
 
10 mL/L MIEX® 
DOC [mg/L] Bed Volume 
 
DOC [mg/L] Bed Volume 
 
DOC [mg/L] Bed Volume 
7.750 Initial 
 
3.199 143 
 
2.943 100 
7.969 Final 
 
4.734 1000 
 
4.714 800 
   
4.797 1571 
 
4.721 1000 
   
4.950 2000 
 
4.852 1500 
 
These results show that for equivalent bed volumes treated, the DOC measurement is similar using 
7 or 10 mL/L of MIEX®. After treating 1000 bed volume equivalents, the 10 mL/L MIEX® dose 
reduced the DOC from 7.75 mg/L to 4.73 mg/L and the 7 mL/L MIEX® dose reduced the DOC to 
4.71 mg/L, essentially the same value. Therefore, it was concluded that increasing the MIEX® dose 
did not provide any appreciable benefit for organics removal. 
 
Figure 21 summarizes the percent of DOC removed from the raw wastewater, as detectable by 
UV254 and DOC measurements. These data demonstrate that the wastewater organic characteristics 
are not fully detected by UV254, but the trend of organic removal can be observed through UV254 
readings.   
 
 
Figure 21: Percent Removal of DOC from DOC and UV254 Detection 
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4.5.3 Magnetic Ion Exchange Series Multiple-Loading Jar Test Results 
To fully utilize the anion exchange properties of MIEX®, the multiple loading jar tests were 
conducted in series. Table 16 shows the ultraviolet absorbance readings at 254 nanometers as well 
as the corresponding percent removal of the dissolved organics after one and two jars in series. 
 
Table 17: Series Multiple-Loading Jar Test UV254 Absorbance Results 
 
No.
Use 
Jar 1 UV254            
(cm-1) 
Jar 2 UV254 
(cm-1) 
%Removed 
After 1 Jar 
%Removed 
Total 
0 0.1766 0.0469 0.0 0.0 
1 0.0469 0.0364 73.4 79.4 
2 0.0587 0.0468 66.8 73.5 
3 0.0656 0.0530 62.9 70.0 
4 0.0683 0.0558 61.3 68.4 
5 0.0699 0.0663 60.4 62.5 
6 0.0732 0.0694 58.6 60.7 
7 0.0784 0.0723 55.6 59.1 
 
The percent removal of DOC from one to two jars showed a minimal increase of two to eight 
percent. For example, after seven consecutive jar treatments, MIEX® reduced the UV254 by 56% in 
the first jar to 59% after the second. Therefore, essentially all organics that can be removed by the 
MIEX® are removed in the first contact jar. The DOC results in Table 17 show percent removed after 
a certain number of treated bed volumes in the second jar. The remaining DOC for series multiple 
loading jar tests shown in Table 17 are lower than those in the single multiple loading jar tests 
shown in Table 15. For example, after 1500 bed volumes are treated, the single multiple-loading jar 
removed 39% of the initial dissolved organics while the series multiple-loading removed 44% of 
the initial DOC. The additional 0.283 mg/L removed was achieved by an additional 10 mL/L of 
MIEX®.   
 
Table 18: DOC Results for 10 mL/L MIEX® Series Multiple-Loading Jar 
Tests 
 
Bed Volume DOC mg/L %Removed 
100 3.287  58.4 
800 3.263 58.7 
1000 4.027  49.0 
1500 4.438  43.8 
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4.6 Magnetic Ion Exchange Design Discussion 
The following sections discuss the results from jar testing, multiple-loading jar testing, and series 
multiple-loading jar tests. The initial jar test results were used to determine the concentration and 
contact time for the multiple-loading jar tests. 
 
4.6.1 Magnetic Ion Exchange Jar Tests 
For multiple-loading jar tests, MIEX® doses were chosen based on removal capabilities. The doses 
were reasonable for balancing the added removal capabilities when increasing dose and 
subsequently, the cost of resin, as described in Section 2.4.2. From the jar test data, a contact time 
was also chosen to optimize the removal of DOC in a short period of time. After 60 minutes of 
testing, concentrations between 7 mL/L and 15 mL/L removed on average 60% of UV254 on day one 
and 77% of UV254 on day two of testing. This is similar to the DOC removal of 71% (11.8 mg/L to 3.4 
mg/L) in the case study conducted by ORICA Watercare, Inc. (Orica Watercare, Inc., 2004). MIEX® 
concentrations of 7 mL/L and 10 mL/L were chosen because concentrations of 12 and 15 mL/L 
only slightly improved removal, making them not as cost effective as 7 and 10 mL/L. A contact time 
of 15 minutes was chosen because MIEX® did not remove additional DOC after the 15-minute mark. 
 
4.6.2 Magnetic Ion Exchange Multiple-Loading Jar Test 
After finding the optimal time and dose of MIEX®, multiple-loading jar tests were conducted to 
simulate the use of MIEX® in a fluidized bed reactor. This determined the number of bed volumes of 
raw water that the MIEX® resin can treat before it should be regenerated. Composite samples of the 
treated water were collected and tested for UV254 and DOC. Readings were collected after a 
specified number of treated bed volumes in order to represent the DOC concentration at the 
effluent of the fluidized bed.  
 
Graphs in Appendix C.2 show results for individual and composite UV254 readings. These data show 
that after treating 1500 bed volume equivalents with 10 mL/L of MIEX®, the removal capacity 
begins to diminish, and thus regeneration should take place. A similar trend was observed with the 
7 mL/L of MIEX® sample after 1571 bed volumes were treated.   
 
Finally, DOC results from the multiple-loading jar tests provide evidence that MIEX® is not capable 
of reducing the DOC concentration to 1 mg/L. Because only one MIEX® treatment was 
accomplished, series multiple-loading jar tests were performed to determine if additional MIEX® 
treatments were capable of achieving the desired effluent concentration. 
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4.6.3 Magnetic Ion Exchange Series Multiple-Loading Jar Test 
The purpose of testing MIEX® in series was to determine if treating water with MIEX® resin 
sequentially would allow for more of the DOC to be removed. Results showed that using MIEX® in 
series did not remove notable amounts of DOC compared to when the wastewater was treated once. 
Based on UV254 readings, a 2 to 7% greater removal of organics was observed after doubling the 
resin treatment. This also demonstrates that not all dissolved organics in this wastewater have an 
affinity for anion exchange, rendering MIEX® ineffective at removing the necessary amount of 
organics. It was also noted that not all of the MIEX® in the second jar would settle after treatment, 
as shown in Figure 22. From this research, it is evident that not all of the dissolved organics are 
removed, thus multiple dissolved organic removal techniques would be necessary to lower the 
effluent DOC concentration to less than 1 mg/L. 
 
 
Figure 22: Un-settled MIEX® After Series Multiple-Loading Jar Tests (Photo Credit: Emily Fournier, 
January, 2013) 
 
4.6.4 Conclusion of Magnetic Ion Exchange Tests 
Multiple-loading jar tests with 10 mL/L MIEX® achieved DOC concentrations of 2.9 to 4.9 mg/L for 
100 to 1500 bed volumes. MIEX® series multiple-loading jar tests achieved DOC concentrations of 
3.2 to 4.4 mg/L for 100 to 1500 bed volumes of wastewater treated. The overall results of the 
MIEX® testing showed that using MIEX® alone will not remove a sufficient amount of organic 
carbon to be compliant with Zone II wellhead protection standards. For this reason, additional 
experiments were conducted to determine if MIEX® treatment followed by treatment through a 
GAC column was able to achieve the desired TOC concentration of 1 mg/L at the process effluent.  
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4.7 Magnetic Ion Exchange to Granular Activated Carbon Test Results 
Wastewater samples were treated by 10 mL/L MIEX® multiple-loading jar tests followed by 
treatment through 0.875 g of Hydrodarco 4000 in a GAC column. The effluent of the GAC column 
was measured for ultraviolet absorption at 254 nanometers, which was read every 15 minutes for 
six hours and fifteen minutes. Samples were prepared for DOC readings every 30 minutes. Figure 
23 shows the UV254 data and actual DOC levels are displayed in Figure 24. 
 
 
Figure 23: Combined Treatment UV254 Levels 
 
 
Figure 24: Combined Treatment DOC Levels 
 
The lowest DOC level achieved with the combined treatment test was 1.34 mg/L at a time of zero.  
However, dilution from reagent grade water in the column from rinsing the GAC may have affected 
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the initial DOC concentration. After this point, DOC levels steadily increased for three hours, after 
which they remained relatively constant for three and a half hours. The average DOC reading from a 
time of three hours to six and a half hours was 3.67 mg/L. The trend in total percent removal is 
displayed in Figure 25. The initial DOC removal is 82%, which may have been effected by dilution. 
After 30 minutes, the percent DOC removal was 73%, which should not be effected by dilution. 
After this point, percent removal steadily decreases until a time of three hours, after which it 
remains relatively constant to the end of the experiment. The average percent removal over this 
range of time is 51%. 
 
 
Figure 25: Combined Treatment Percent Removal 
 
4.8 Magnetic Ion Exchange to Granular Activated Carbon Design Discussion 
This design for treatment with MIEX® followed by GAC was used to determine if TOC concentration 
can be reduced to less than 1 mg/L to comply with the most stringent Zone II and IWPA regulations.  
It was found that even the first sample, taken at time zero, did not accomplish this. Removal rates, 
however, were lower for the combined treatment compared to GAC or MIEX® alone, and the 
combined treatment was capable of maintaining dissolved organic carbon concentrations below 3 
mg/L for up to two and a half hours. This means that the GAC column bed would need to be 
changed multiple times per day to maintain removal rates below 3 mg/L. According to Koran et al., 
the GAC bed should only be replaced after four months of use (Koran et al., 2001). Therefore, the 
bench scale testing indicated that the run time for the GAC column was not within a reasonable 
range. Further testing discussed in Chapter 5 is recommended.  
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4.9 Scale-Up and Design of Advanced Wastewater Treatment System 
The following section gives an overview of a full-scale design for advanced wastewater treatment 
using MIEX® followed by GAC in series. This system is intended to reduce organic carbon 
concentrations for wastewater treatment plants located within Zone II or IWPAs. This additional 
treatment is designed for implementation after secondary treatment at the end of the treatment 
process.  Results from bench scale tests show that treatment to achieve less than 3 mg/L of organics 
in the effluent is possible, but not sustained for a long enough time to be beneficial for wastewater 
treatment. The MIEX® and GAC series treatment will lower TOC concentrations at the plant effluent, 
but is not proven to comply with Zone II and IWPA restrictions. Therefore, this design is considered 
preliminary.  
 
There are two common MIEX® continuous ion exchange processes which may be applied in mixed 
or fluidized bed reactors. These processes are the Dual Stage Configuration and the High Rate 
MIEX® System, which both operate at very low resin concentrations and short detention times. The 
Dual Stage Configuration, shown in Figure 26, allows for a large contact area for MIEX® and 
wastewater and efficient separation of MIEX® from treated water. However, it has a low loading 
rate of 6 gpm/ft2, which requires more area for the contact and separation tanks. This process also 
has more tanks than the High Rate MIEX® System.   
 
 
Figure 26: MIEX® Dual Stage Configuration 
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The High Rate Configuration process flow diagram is shown in Figure 27. This system utilizes a 
fluidized bed to contact the MIEX® with wastewater. Resin is recycled through a regeneration 
process in which the resin is rinsed by brine water and regenerated by reagent grade water. New 
resin is added sparingly to replace any lost resin in the process. The goal of this project was to 
design an advanced system for existing facilities. As such, facilities may have limited space for 
additional treatment processes. Because the High Rate MIEX® System is less expensive and requires 
less space, it was chosen for design.   
 
 
Figure 27: MIEX® High Rate Configuration 
 
This MIEX® High Rate Configuration process is designed with a fluidized bed reactor which feeds 
the raw water to the bottom of the vessel, where the MIEX® is located. The anion exchange resin 
attracts dissolved organics and agglomerate to remain towards the bottom of the reactor vessel.  
The hydraulic loading rate of the reactor requires a minimum of 10 gpm/ft2 to sustain fluidization 
in the vessel. The mixer operates at a slow speed to keep the resin uniformly suspended in the 
fluidized portion of the vessel. MIEX® resin is removed from the treated water by plates or tube 
settlers located part way up the vessel. Treated water then overflows into the collection area where 
it is piped to the subsequent process (for this project, to a GAC column). The High Rate 
 78 
Configuration process continually regenerates the MIEX® resin by removing a small amount of resin 
from the reactor vessel and regenerating it with 12% sodium chloride solution in the regeneration 
vessel. Waste brine solution is produced from the regeneration cycle and a small amount of MIEX® 
may be lost in this process. The MIEX® recycle and waste processes occurs continuously to maintain 
treatment standards. 
 
To design this High Rate Configuration for the Westford-Acton wastewater treatment facility, the 
fluidized bed reactor vessel was sized and cost estimations were generated.  Detailed calculations of 
this design can be found in Appendix E. A hydraulic loading rate of 10 gpm/ft2 was used to 
determine the surface area of the tank. Using Equation 11 for hydraulic loading rate (HLR), the 
surface area of the tank was found. 
 
    (
   
   
)  
  (   )
  (   )
                Equation 11 
 
The surface area of the tank, when operating at full capacity of 96,000 gpd, or 66.67 gpm, is 11.11 
ft2. Using the hydraulic detention time (HDT) of 15 minutes, Equation 12 was used to determine the 
height of the fluidized bed reactor vessel.   
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           Equation 12 
 
The height of the tank was found to be 20.05 ft. With these measurements, a tank with radius of 
1.88 ft and height of 20.05 ft can be designed to fully handle the capacity of the Westford-Acton 
wastewater treatment facility.   
 
CapCost, a Chemical Engineering cost analysis program, was used to approximate the capital cost of 
equipment for this system. Access to this program was obtained via a textbook (Turton, 1998) 
which also has tabulated values of the Chemical Engineering Plant Cost Index (CEPSI) for recent 
years. The price was estimated using a CEPSI value of 582 for 2012 present value cost. The program 
requires the type of tank, size, and material. For a 3.79 m3 stainless steel mixer/settler tank, the 
capital cost of the reactor tank would be approximately $137,000. Details for this analysis can be 
found in Appendix E. 
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Finally, three small tanks for resin regeneration would be required. The regeneration process 
maintains the quality of the treated water by continually regenerating the MIEX®. The resin transfer 
from the reactor to regeneration vessel is only one gallon per thousand gallons of wastewater, 
according to Orica Watercare. Additionally, 300 pounds of salt is needed per million gallons of 
treated wastewater, which produces approximately 300 gallons of waste brine per million gallons 
of treated wastewater. For a 1000 gallon tank, 10 gallons of MIEX® is needed as determined by 
design tests. To regenerate ten gallons of MIEX®, two bed volumes of brine solution must also be 
added. Three 40-gallon tanks were designed for the resin recycle process in order to accommodate 
the maximum MIEX® needed. Typically, these tanks are made with inexpensive plastic. A pre-made, 
55-gallon, polyethelyne drum may be used in place of a 40-gallon storage vessel, which costs $222 
from Fischer Scientific. Additional costs for the MIEX® portion of the recommended treatment 
process include pumps, pipes, valves, and controls; costs were not determined for these 
components as part of this project.  
 
Similar to the bench scale GAC column, a fixed bed column with a steady influent is recommended 
for full-scale column operation. To create a continuous system, two parallel trains consisting of 
three columns in series are recommended for treatment. Only two of these columns will be active at 
any given time. After the first column in a train reaches exhaustion, it is taken offline to reactivate 
the carbon. In order to still run wastewater through two columns, a third column at the end of the 
train is put online.  
 
Before the train of columns, there will be a filter, a 1500-gallon holding tank, and a pump.  The 
holding tank was designed as a safety measure to account for potential headloss and variable 
flowrates. A tank of 1500-gallons was chosen because it can hold one and a half times the maximum 
volume in the MIEX® fluidized bed reactor. The filter should have a nominal opening size of less 
than 150 µm, to prevent MIEX® resin from entering the holding tank, pump, or GAC column. This 
filter size was chosen because it is smaller than 165 µm, which is the average diameter of the MIEX® 
resin bead. The pump will maintain a constant flowrate of 33 gpm through the train. The pump 
output power can be determined using the Equation 13 (Houghtalen, 2010), after the location of 
column relevant to the pump is determined.  
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            Equation 13 
 
Where:  PO  = pump output power, watt 
  γ = specific weight of fluid, N/m3 
  Q = volumetric flowrate, m3/sec 
  Hp = pump head, m 
 
All pumps included in the MIEX® and GAC design should be sized depending upon the pump head 
(Hp), and should be determined after analysis of treatment locations and distances from the pump. 
 
Since a single GAC train cannot accommodate the average flowrate of the facility, two GAC trains of 
three columns each were designed with one holding tank following the MIEX® fluidized bed. The 
holding tank will be equipped with float switches to activate the pumps to the columns when the 
tank fills and deactivate the pumps when there is a small volume of water remaining in the holding 
tank.  
 
The columns were sized using the same hydraulic loading rate used in bench scale testing, 4 
gpm/ft2. The adsorption isotherm determined from the rotator test and an initial TOC value of 8 
mg/L was also used in the scale up calculations. Detailed calculations are shown in Appendix E. 
Table 18 shows the GAC column parameters for a flow of 48,000 gpd and 18,000 gpd for one train. 
 
         Table 19: GAC Column Bed Specifications 
 
Flow 
(GPD) 
Radius 
(ft) 
Bed Height 
(ft) 
VGAC 
(ft3) 
18,000 1.0 0.67 59 
48,000 2.3 0.67 157 
 
The GAC treatment system was designed using an adsorption isotherm and TOC concentration from 
the effluent of the MBR; therefore these columns are designed for water not treated by MIEX®. An 
adsorption isotherm would need to be determined from MIEX® effluent to properly size a GAC 
column for a MIEX® and GAC system in series. A smaller column would be expected using a MIEX® 
treated water isotherm because MIEX® removes some of the dissolved organics in the MBR effluent.  
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Treated water from the GAC column should be filtered through a filter before UV disinfection to 
remove any GAC fines that may be suspended in the treated water. A process flow diagram of the 
GAC column treatment can be seen in Figure 28. 
 
 
Figure 28: GAC Process Flow Diagram 
 
CapCost was used to determine the pricing of the units. The estimated capital cost for one GAC 
column is less than $13,600. Pricing for the 1,500-gallon cylindrical holding tank is approximately 
$89,500. The material of construction for both units is stainless steel 304. Restrictions of this 
program included a minimum column volume of 11 ft3 (the volume of the designed columns is 
about 5 ft3) and the only shape for a holding tank was cylindrical. The MIEX® and GAC units 
estimates do not include labor, profit or overhead costs that would be included during construction.  
 
Granular activated carbon can either be replaced or reactivated on or offsite. Benefits of 
reactivating onsite include saving up to 50% on carbon costs and reducing carbon waste from the 
site. Disadvantages include increased air emissions from the facility, 24-hour operator attention, 
noise pollution, and potential mechanical failures. Installation of a furnace, slurry pumps, air 
scrubber and additional holding tanks for spent carbon would be required for onsite regeneration 
(EPA, 2000). 
 
This preliminary design of a full-scale advanced MIEX® to GAC treatment system utilizes a fluidized 
bed, continuous flow reactor for MIEX® treatment, a holding tank for MIEX® treated water and two 
GAC trains in parallel to sustain the flowrate of the facility. A design sized for implementation at the 
Westford-Acton wastewater treatment facility is shown in Figure 29. The equipment for this system 
would cost a minimum of $186,000 to implement into the existing facility. This cost estimation does 
not include filters, pumps, pipes, valves, or controls. Operational costs were not considered for this 
 82 
process due to of a lack of information about regeneration and recycle rates. The estimate should be 
used as a baseline to understand large unit costs that would be associated with a facility upgrade.  
 
 
 
Figure 29: Westford-Acton Wastewater Treatment Facility with Advanced MIEX® to GAC 
Treatment 
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Chapter 5: Conclusions and Recommendations 
The Zone II and Interim Wellhead Protection Area regulations require treatment facilities to limit 
TOC levels to less than 3 mg/L for areas surrounding a well that can support 180 days of pumping 
from the well with no precipitation recharge, and 1 mg/L for treatment facilities that do not have 
treatment in unsaturated soils after discharge. This study was conducted to assess the feasibility of 
lowering TOC levels in wastewater effluent to comply with groundwater discharge regulations for 
Massachusetts Zone II and Interim Wellhead Protection Areas. Wastewater effluent samples were 
collected from the Westford-Acton WWTF prior to UV disinfection. Organic carbon levels in the 
effluent ranged from 7 to 8 mg/L and were entirely composed of dissolved material (DOC). All of 
the organics in the effluent are dissolved because the Westford-Acton WWTF utilizes a MBR with a 
pore size of 0.40 micrometers, and dissolved organics are defined as organics that can pass through 
a 0.45-micrometer filter. 
 
5.1 Conclusions 
From the treatment options tested, the following conclusions were developed. 
 
1. GAC and MIEX® are potential treatment options for removal of DOC, but do not sustain 
effluent quality which complies with Zone II and IWPA regulations. 
 
Granular activated carbon was tested using a small glass column. Wastewater (collected 
from after the MBR) was run through the column at a constant flowrate. Results from this 
test showed that treating the wastewater solely with a GAC column would not meet either 
the 1 mg/L or 3 mg/L TOC regulations. MIEX® resin was tested using a multiple-loading jar 
testing method to simulate a fluidized bed. Wastewater samples were tested in 15 
consecutive jar tests to simulate at least 1500 BV of treated wastewater. Two different 
MIEX® concentrations were tested, 7 and 10 mL/L. Again, treatment with MIEX® did not 
achieve the 3 mg/L regulation for an extended period of time and did not reach a DOC level 
of 1 mg/L. Tests of MIEX® in series using the multiple-loading jar test method were also 
conducted; however, only marginal improvements in organic carbon removal were 
observed. 
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2. Combined treatment with GAC and MIEX® in series reduced TOC levels to below 3 mg/L, but 
did not sustain this level for more than 3 hours. 
 
After determining that GAC and MIEX® individually could not meet Zone II or IWPA TOC 
regulations, the two treatment options were tested in series. Wastewater samples were 
treated first with MIEX®, then run through a GAC column. Using both treatment options, 
DOC levels did not reach 1 mg/L; however, a DOC level of below 3 mg/L was maintained for 
two and a half hours. Regeneration of GAC after only hours of use would not be realistic for 
use in a wastewater treatment facility.   
 
3. A full-scale design of the MIEX® and GAC material cost would be approximately $186,000 to 
implement. 
 
For the purpose of this project, information from this bench scale test was used to design a 
full-scale MIEX® to GAC process for the Westford-Acton Treatment Facility. This design is 
not feasible to use to comply with Massachusetts Zone II and IWPA regulations; however, it 
could be used to reduce TOC concentrations by 51% on average.  
 
4. The MIEX® to GAC system should not be implemented for advanced treatment at the 
Westford-Acton Wastewater Treatment Facility. 
 
Although the MIEX® to GAC in series system could achieve effluent DOC of less than 3 mg/L 
for a short period of time, the system could not achieve 1 mg/L of DOC. Since the treatment 
facility tested in the project does not require compliance with Zone II Groundwater 
Discharge Regulations, it is not necessary to implement advanced treatment at the facility at 
this time. The design tested in this project is not suggested, if advanced treatment is 
required, due to the short time during which desired removal is achieved. Prior research 
has demonstrated that GAC and MIEX® are capable of removing specific types of dissolved 
organics. Therefore, further testing is recommended prior to implementation of an 
advanced treatment process to better characterize the types of organics in the wastewater 
and determine if using one or both of these alternatives is appropriate.  
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5.2 Recommendations 
The following are recommendations for further testing. 
 
1. It is recommended that wastewater characteristics of the desired facility are determined to 
select the appropriate advanced treatment option. 
 
Before implementation at any particular facility, the wastewater at that facility should be 
fully characterized to determine potential treatment alternatives. Specifically, the make-up 
of the DOC can be used to predetermine the potential effectiveness of a treatment. As an 
example, Boyer and Singer (2005) found that MIEX® treatment was less effective in waters 
that had higher concentrations of bromide. While MIEX® and/or GAC may be suitable for 
certain treatment facilities, alternatives such as enhanced coagulation could be explored 
based on wastewater characteristics at a given treatment facility. 
 
2. Granular activated carbon adsorption equilibrium tests should be conducted over a longer 
time period for a better isotherm representation. 
 
Due to the time frame and availability of testing apparatuses, the isotherm for GAC in this 
project was run for 24 hours; however, it would be beneficial to calculate a more extensive 
isotherm curve using data from multiple days as opposed to a single day. Additionally, 
instead of approximating DOC using the relationship of UV254 to DOC, DOC should be directly 
measured.  
 
3. Pilot-scale tests should be used to more accurately model the removal capabilities of GAC. 
  
In this project, GAC was tested in a laboratory scale column. A pilot-scale column may 
provide more realistic data on expected performance at the full-scale. The larger scale 
testing would also allow for more accurate removal data to be collected. Treated water from 
the MIEX® process should be used for this isotherm to more accurately predict the removal 
characteristics with GAC. It would also be useful to test multiple bed heights for the GAC 
column and how they relate to breakthrough and bed exhaustion. Data from additional 
pilot-scale testing can be used to estimate yearly operating costs, including the cost of GAC 
and MIEX®. 
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4. The full-scale cost analysis should include considerations of operation, maintenance and 
GAC regeneration.   
 
In the scope of this project, a full-scale cost analysis was not completed because the 
treatments tested did not meet TOC requirements for Zone II and IWPA regulations. At the 
full-scale, GAC regeneration costs and other operation and maintenance costs need to be 
considered. For an existing facility, onsite regeneration is not recommended due to the cost, 
space and operation requirements. Regeneration should be considered when designing a 
new facility. All costs must be weighed against other options that would not require 
discharge into a Zone II Area. 
 
5. When implementing advanced treatment to an existing facility, training is required for the 
operator(s) of the facility. 
 
The facility should have a plan for operation when implementing a MIEX® fluidized bed and 
GAC column used in series. The operator(s) of the facility must be trained on the 
conditioning of the fluidized bed and column, the recharge of the MIEX® resin, and 
regeneration of GAC. At the facility in this project, there was not an operator on site at all 
times. This was determined to be unsuitable based on the complexity of this system and 
needs to be taken into consideration at other facilities where this process could be added. 
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Appendix  
 
A. Wastewater Characteristics Data 
The following data are compiled results from water quality tests for determining wastewater 
characteristics. 
 
A.1 pH 
 
   Table 20: pH Sampling Data 
 
Day 
 
Influent 
pH 
 
Anoxic 
pH 
 
Membrane 
pH 
 
Before UV 
pH 
 
After UV 
pH 
1A 7.12 6.58 6.98 7.02 7.09 
1B - - - - - 
2A 6.8 6.86 6.9 7.08 7.1 
2B 6.84 6.84 6.91 7.1 7.1 
3A 6.87 6.81 6.86 7.04 7.07 
3B 6.93 6.84 6.86 7.08 7.1 
4A 6.6 6.44 6.12 6.64 6.74 
4B 6.62 6.49 6.38 6.65 6.8 
5A 6.9 6.87 6.93 7.16 7.16 
5B 6.9 6.85 6.93 7.13 7.2 
Average 6.84 6.73 6.76 6.99 7.04 
 
 
 
Figure 30: pH Readings at Wastewater Sample Locations 
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A.2 Temperature 
 
Table 21: Temperature Sampling Data 
 
Day 
 
Influent 
(°C) 
 
Anoxic 
(°C) 
 
Membrane 
(°C) 
 
Before UV 
(°C) 
 
After UV 
(°C) 
1B 15.8 21.8 19.7 23.5 23.7 
2B 22 22.2 21.6 21.6 23.6 
3B 22.4 22.6 23.6 24.3 24.6 
4B 21 23.6 24 24 24.1 
5B 22.1 21.8 23.7 23.3 24.1 
Average 20.66 22.4 22.52 23.34 24.02 
 
 
Figure 31: Temperature Sampling Graph 
 
A.3 Dissolved Oxygen 
 
Table 22: Dissolved Oxygen Sampling Data 
 
Day 
 
Influent 
(mg/L) 
 
Anoxic 
(mg/L) 
 
Membrane 
(mg/L) 
 
Before UV 
(mg/L) 
 
After UV 
(mg/L) 
1B 0.3 0.2 2.01 4.56 5.44 
2B 0.22 0.07 3.42 4.81 5.71 
3B 2.33 0.19 3.96 5.02 5.45 
4B 0.4 0.4 2.9 4.34 5.5 
5B 0.38 1.94 3.05 4.26 5.38 
Average 0.726 0.56 3.068 4.598 5.496 
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Figure 32: Dissolved Oxygen Sampling Graph 
 
A.4 Chemical Oxygen Demand 
 
Table 23: Chemical Oxygen Demand Standard Range Data (Locations 1, 2, and 3) 
 
Day 
 
Influent 
(mg/L) 
 
Anoxic 
(mg/L) 
 
Membrane 
(mg/L) 
1A 147.2 2131.7 2270.1 
1B 108.2 2237 2251.4 
2A 225.1 2106.6 2425.4 
2B 193.3 2027.6 2408.1 
3A 227.3 3093.1 4176.4 
3B 248.8 3112.8 3538.8 
4A 284.6 3309.9 3710.6 
4B 433.7 3245.3 3578 
5A 234.8 3259.2 3799 
5B 276.1 3168.9 3637.1 
Average 237.9 2769.2 3179.5 
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         Table 24: Chemical Oxygen Demand Low Range Data (Locations 4 and 5) 
 
Day 
 
Before UV 
(mg/L) 
 
After UV 
(mg/L) 
1A -8.08 -10.31 
1B -21.97 -9.92 
2A 10.92 -8.28 
2B 12.47 10.72 
3A 10.94 7.56 
3B 16.03 6.67 
4A 4.69 -0.47 
4B 4.33 0.83 
5A 1.69 5.639 
5B -2.67 1.5 
Average 2.84 0.39 
 
A.5 Total Suspended, Dissolved and Volatile Solids 
These tests were only conducted on Day 1. 
 
Table 25: TSS, TDS, TVS Sampling Data 
 
Sample Location 
 
Total Suspended 
(g/L) 
 
Total Dissolved 
(g/L) 
 
Total Volatile 
(g/L) 
Influent A 0.00022 0.00062 0.00022 
Influent B 0.00021 0.00064 0.00016 
Anoxic A 0.0010 0 0 
Anoxic B 0.0081 0.0001 0.0001 
Membrane A 0.0097 0.000067 0 
Membrane B 0.010 0.08 0 
Before UV A 0 0.0078 0.00009 
Before UV B 0 0.0045 0.00008 
After UV A 0 0.00053 0.00091 
After UV B 0 0.0098 0 
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A.6 Turbidity 
This test was only conducted on Days 2 to 5. 
 
Table 26: Turbidity Sampling Data 
 
Day 
 
Influent 
(NTU) 
 
Anoxic 
(NTU) 
 
Membrane 
(NTU) 
 
Before UV 
(NTU) 
 
After UV 
(NTU) 
2A 146 4000+ 4000+ 0.78 0.38 
2B 121 4000+ 4000+ 0.26 0.22 
3A 102 4000+ 4000+ 0.17 0.15 
3B 101 4000+ 4000+ 0.51 0.18 
4A 162 4000+ 4000+ 0.34 0.144 
4B 138 4000+ 4000+ 0.24 0.32 
5A 206 4000+ 4000+ 0.19 0.13 
5B 122 4000+ 4000+ 0.13 0.17 
Average 137.25 4000+ 4000+ 0.3275 0.21175 
 
A.7 Total Organic Carbon and Dissolved Organic Carbon 
 
Table 27: Total Organic Carbon Sampling Data 
 
Day 
 
Before UV 
(mg/L) 
 
After UV 
(mg/L) 
1A 7.041 6.731 
1B 6.89 6.772 
2A 6.959 6.846 
2B 7.286 6.84 
3A 7.159 7.325 
3B 7.243 7.166 
4A 8.18 7.063 
4B 6.979 6.903 
5A 6.377 6.25 
5B 6.436 6.306 
Average 7.055 6.8202 
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Table 28: Dissolved Organic Carbon Sampling Data 
 
Day 
 
Influent 
(mg/L) 
 
Anoxic 
(mg/L) 
 
Membrane 
(mg/L) 
 
Before UV 
(mg/L) 
 
After UV 
(mg/L) 
1A 73.2 6.083 10.74 6.893 6.815 
1B 46.15 6.658 6.933 6.848 6.809 
2A 83.77 6.325 7.904 8.294 7.309 
2B 55.25 7.471 6.275 7.267 6.804 
3A 80.53 9.489 7.736 7.154 7.297 
3B 64.62 8.242 7.878 7.27 7.244 
4A 66.72 8.143 8.657 7.278 6.731 
4B 59.2 7.253 7.646 7.096 6.777 
5A 70.95 7.053 6.66 6.794 6.189 
5B 64.82 7.23 6.44 6.673 6.442 
Average 66.521 7.3947 7.6869 7.1567 6.8417 
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A.8 UV254 and Total Organic Carbon Relationship 
           
          Table 29: Error Calculation of DOC Linear Regression Equations 
 
 
Measured Regression Line 
  
UV abs 
(cm-1) 
DOC 
(mg/L) 
Predicted 
DOC 
Percent 
Error 
Anoxic 0.1805 6.325 7.353624 16.26283 
 
0.1896 7.471 7.471633 0.00847 
 
0.2213 8.489 7.882718 7.141967 
 
0.1932 8.242 7.518318 8.780422 
 
0.1989 8.143 7.592235 6.76366 
 
0.237 7.253 8.086316 11.48926 
 
0.1371 7.053 6.790813 3.717386 
  0.1839 7.23 7.397715 2.319712 
Membrane 0.1404 7.904 6.833607 13.54242 
 
0.1749 6.275 7.281003 16.03192 
 
0.2195 7.736 7.859376 1.594829 
 
0.1721 7.878 7.244693 8.038934 
 
0.1931 8.657 7.517021 13.16829 
 
0.187 7.646 7.437916 2.721475 
 
0.1885 6.66 7.457368 11.97249 
  0.1778 6.44 7.31861 13.64302 
Before UV 0.1946 8.294 7.536473 9.133436 
 
0.1645 7.267 7.146136 1.66319 
 
0.1557 7.154 7.032018 1.705094 
 
0.1567 7.27 7.044986 3.095109 
 
0.1591 7.278 7.076109 2.773993 
 
0.1596 7.096 7.082593 0.18894 
 
0.1524 6.794 6.989223 2.873465 
  0.1461 6.673 6.907525 3.514533 
After UV 0.1639 7.309 7.138355 2.334722 
 
0.1553 6.804 7.02683 3.274991 
 
0.1526 7.297 6.991817 4.182311 
 
0.1543 7.244 7.013862 3.176941 
 
0.1552 6.731 7.025534 4.375778 
 
0.1559 6.777 7.034611 3.801257 
 
0.1483 6.189 6.936054 12.07068 
 
0.1529 6.442 6.995707 8.595269 
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B. Granular Activated Carbon Data 
The following appendices summarize GAC rotator and column testing data. 
 
B.1 Granular Activated Carbon Rotator Data 
 
                        Table 30: Day 1 Rotator Data 
 
Type of 
GAC 
Mass 
(g) 
UV254 
(cm-1) 
DOC 
Approximation 
(mg/L) 
qe 
(mg) 
GAC 300 
0.0151 0.1716 7.24 1.24 
0.0254 0.1300 6.70 1.48 
0.0349 0.1273 6.66 1.11 
Hydrodarco 
4000 
0.0151 0.1172 6.53 2.87 
0.0252 0.0903 6.18 2.21 
0.0348 0.0551 5.73 2.06 
 
 
            Table 31: Day 2 Rotator Data 
 
Type of 
GAC 
Mass 
(g) 
UV254 
(cm-1) 
DOC 
Approximation 
(mg/L) 
qe 
(mg) 
GAC 300 
0.0149 0.1392 6.82 2.24 
0.0249 0.1337 6.75 1.44 
0.0349 0.1167 6.53 1.25 
Hydrodarco 
4000 
0.015 0.1027 6.34 3.33 
0.025 0.099 6.30 2.06 
0.0348 0.0744 5.98 1.80 
 
 
          Table 32: Day 3 Rotator Data 
 
Type of 
GAC 
Mass 
(g) 
UV254 
(cm-1) 
DOC 
Approximation 
(mg/L) 
qe 
(mg) 
GAC 300 
0.0152 0.1164 6.52 2.84 
0.0250 0.1021 6.34 1.99 
0.0353 0.0737 5.97 1.77 
Hydrodarco 
4000 
0.0150 0.0316 5.42 5.45 
0.0252 0.0296 5.40 3.28 
0.0354 0.0285 5.38 2.35 
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          Table 33: Day 4 Rotator Data 
Type of 
GAC 
Mass 
(g) 
UV254 
(cm-1) 
DOC 
Approximation 
(mg/L) 
qe 
(mg) 
GAC 300 
0.1008 0.0176 5.24 0.89 
0.0902 0.0145 5.20 1.01 
0.0803 0.0265 5.36 1.06 
0.0703 0.0362 5.48 1.15 
0.0605 0.0305 5.41 1.38 
0.0502 0.0466 5.62 1.52 
0.0404 0.0525 5.69 1.82 
0.0302 0.0632 5.83 2.27 
0.0207 0.0916 6.20 2.69 
0.0100 0.1266 6.65 3.99 
Hydrodarco 
4000 
0.1003 0.0038 5.06 0.95 
0.0902 0.0021 5.04 1.07 
0.0804 0.0049 5.08 1.18 
0.0704 0.0055 5.08 1.35 
0.0602 0.0081 5.12 1.56 
0.0501 0.0114 5.16 1.84 
0.0403 0.0098 5.14 2.31 
0.0304 0.0174 5.24 2.94 
0.0200 0.0225 5.30 4.36 
0.0100 0.0636 5.84 6.85 
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B.2 Granular Activated Carbon Isotherm Plots 
Figures 33 through 42 display the Freundlich and Langmuir isotherm plots for GAC 300 and 
Hydrodarco 4000. 
 
 
Figure 33: Freundlich GAC 300 Isotherm 
 
 
Figure 34: Freundlich Hydrodarco 4000 Isotherm 
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Figure 35: Langmuir-1 GAC 300 Isotherm 
 
 
Figure 36: Langmuir-1 Hydrodarco 4000 Isotherm 
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Figure 37: Langmuir-2 GAC 300 Isotherm 
 
 
Figure 38: Langmuir-2 Hydrodarco 4000 Isotherm 
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Figure 39: Langmuir-3 GAC 300 Isotherm 
 
 
Figure 40: Langmuir-3 Hydrodarco 4000 Isotherm 
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Figure 41: Langmuir-4 GAC 300 Isotherm 
 
 
Figure 42: Langmuir-4 Hydrodarco 4000 Isotherm 
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B.3 Granular Activated Carbon Column Data 
Sample Calculations for GAC Bench-Scale Column 
Use Isotherm equation and influent DOC concentration to find qe 
 
Isotherm equation: 
 
                   
 
Where: 
 
       
  
 
 
 
From this: 
 
        
  
 
 
 
Now, using the design equation: 
 
 
      
    
 
      
  
 
 
Or: 
 
     
        
      
 
 
Known variables: 
 
       
  
 
 
        
  
 
 
        
 
 
 
 
The amount of GAC needed for different volumes of sample was found using the above equations: 
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         Table 34: Mass of GAC from Volume of Sample 
 
Vfluid 
(L) 
VGAC 
(L) 
mGAC 
(g) 
1 0.001 0.351 
5 0.005 1.757 
10 0.009 3.515 
15 0.014 5.272 
20 0.018 7.029 
25 0.023 8.786 
30 0.027 10.544 
35 0.032 12.301 
40 0.036 14.058 
50 0.045 17.573 
60 0.054 21.087 
70 0.063 24.602 
80 0.072 28.117 
 
         Table 35: GAC Column DOC Data 
 
Time 
(hr) 
DOC 
(mg/L) % Removal  
0 1.137 85.36 
0.5 2.974 61.60 
1 4.113 46.90 
1.5 4.395 43.26 
2 4.978 35.73 
2.5 4.810 37.90 
3 5.411 30.14 
3.5 5.560 28.22 
4 5.703 26.37 
4.5 5.675 26.74 
5 5.587 27.87 
5.5 5.925 23.51 
6 5.825 24.80 
6.5 5.969 22.94 
7 6.107 21.16 
7.5 6.010 22.41 
8 6.015 22.35 
8.5 6.233 19.53 
9 6.034 22.10 
9.5 6.146 20.66 
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Figure 43: GAC Column Percent Removal of DOC 
 
 
Figure 44: GAC Column Percent Removal of DOC Using UV254 
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Figure 45: GAC Column Percent Removal of DOC Using the Shimadzu TOC-5000 
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C. Magnetic Ion Exchange Data 
The following appendices summarize MIEX® test results. 
 
C.1 Magnetic Ion Exchange Jar Test Data 
 
Table 36: Day 1 UV254 Readings 
 
Time 
(min) 
0 mL/L 
(cm-1) 
2 mL/L 
(cm-1) 
5 mL/L 
(cm-1) 
7 mL/L 
(cm-1) 
10 mL/L 
(cm-1) 
12 mL/L 
(cm-1) 
15 mL/L 
(cm-1) 
0 0.2189 0.2189 0.2189 0.2189 0.2189 0.2189 0.2189 
5 0.2189 0.1794 0.1492 0.129 0.1161 0.1243 0.1035 
10 0.2179 0.1571 0.1256 0.103 0.1003 0.0811 0.0818 
15 0.203 0.1503 0.103 0.0981 0.0926 0.0775 0.0781 
20 0.2082 0.1409 0.1031 0.0948 0.0918 0.0749 0.0777 
30 0.2085 0.125 0.0926 0.0873 0.0939 0.0762 0.0794 
40 0.2063 0.1209 0.0894 0.0867 0.096 0.0811 0.0773 
50 0.2126 0.1224 0.1011 0.0848 0.0904 0.0761 0.0752 
60 0.2149 0.1193 0.1061 0.0855 0.0962 0.0859 0.0798 
 
 
    Table 37: Day 1 UV254 Percent Removal 
 
Time 
(min) 
0 mL/L 2 mL/L 5 mL/L 7 mL/L 10 mL/L 12 mL/L 15 mL/L 
0 0 0 0 0 0 0 0 
5 0 18 32 41 47 43 53 
10 0.5 28 43 53 54 63 63 
15 7.3 31 53 55 58 65 64 
20 4.9 36 53 57 58 66 65 
30 4.8 43 58 60 57 65 64 
40 5.8 45 59 60 56 63 65 
50 2.9 44 54 61 59 65 66 
60 1.8 46 52 61 56 61 64 
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   Table 38: Day 2 UV254 Readings 
 
Time 
(min) 
0 mL/L 
(cm-1) 
2 mL/L 
(cm-1) 
5 mL/L 
(cm-1) 
7 mL/L 
(cm-1) 
10 mL/L 
(cm-1) 
12 mL/L 
(cm-1) 
15 mL/L 
(cm-1) 
0 0.1711 0.1711 0.1711 0.1711 0.1711 0.1711 0.1711 
5 0.1711 0.1688 0.0969 0.089 0.0617 0.1034 0.045 
10 0.1681 0.1207 0.07 0.0772 0.0504 0.0895 0.0326 
15 0.1607 0.1054 0.0568 0.0638 0.0411 0.043 0.041 
20 0.1735 0.1161 0.0816 0.0422 0.0409 0.0342 0.0396 
30 0.1625 0.091 0.0529 0.0403 0.0448 0.1608 0.0395 
40 0.1723 0.0833 0.0549 0.0441 0.0443 0.0497 0.0371 
50 0.1687 0.067 0.0571 0.1185 0.0456 0.0409 0.0355 
60 0.1691 0.0657 0.0524 0.0439 0.0394 0.0303 0.0378 
 
       Table 39: Day 2 UV254 Percent Removal 
 
Time 
(min) 
0 mL/L 2 mL/L 5 mL/L 7 mL/L 10 mL/L 12 mL/L 15 mL/L 
0 0 0 0 0 0 0 0 
5 0 1 43 48 64 40 74 
10 1.8 29 59 55 71 48 81 
15 6.1 38 67 63 76 75 76 
20 0 32 52 75 76 80 77 
30 5.0 47 69 76 74 - 77 
40 0 51 68 74 74 71 78 
50 1.4 61 67 - 73 76 79 
60 1.2 62 69 74 77 82 78 
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Figure 46: Day 2 UV254 Percent Removal with MIEX® 
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C.2 Magnetic Ion Exchange Multiple-Loading Jar Test Data 
Note that for all highlighted cells, DOC readings were also taken. 
 
Table 40: Day 1 Multiple-Loading Jar Test Results 
 
Use 
UV254 
0 mL/L 
(cm-1) 
UV254 
7 mL/L 
(cm-1) 
UV254 
Percent 
Removal 
UV254 
10 mL/L 
(cm-1) 
UV254 
Percent 
Removal 
7 mL/L 
Composite 
% DOC 
removal  
10 mL/L 
Composite 
% DOC 
removal 
0 0.17 0.17 0.00 0.17 0.00     
1 0.17 0.04 73.78 0.04 77.43 59.88 64.05 
2 0.17 0.06 63.99 0.05 69.35     
3 0.17 0.07 58.71 0.07 58.88     
4 0.17 0.08 55.54 0.08 56.12     
5 0.17 0.09 49.57 0.08 55.57     
6 0.17 0.08 54.56 0.07 56.41     
7 0.17 0.07 56.03 0.07 58.03 42.19   
8 0.16 0.07 54.56 0.06 60.15   39.30 
9 0.16 0.07 57.02 0.06 61.65     
10 0.16 0.11 26.82 0.06 60.69     
11 0.16 0.06 58.84 0.06 60.19 41.14 42.54 
12 0.20 0.08 60.97 0.07 64.51     
13 0.16 0.09 44.71 0.07 56.28     
14 0.16 0.07 53.70 0.07 57.94 38.74   
15 0.15 0.08 46.43 0.06 57.50   40.37 
 
 
 Table 41: Day 1 Multiple-Loading Jar Test Composite Samples 
 
7 mL/L     
BV 
UV 
(cm-1) 
DOC 
(mg/L)  
10 mL/L       
BV 
UV 
(cm-1) 
DOC 
(mg/L) 
143 0.0445 3.227 
 
100 0.0383 2.892 
1000 0.052 4.65 
 
800 0.0487 4.883 
1571 0.0576 4.735 
 
1000 0.0677 4.622 
2000 0.0634 4.928 
 
1500 0.0565 4.797 
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Figure 47: Day 1 UV254 Removal from Multiple-Loading Jar Tests 
 
 
Table 42: Day 2 Multiple-Loading Jar Test Results 
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          Table 43: Day 2 Multiple-Loading Jar Test Composite Samples 
 
7 mL/L     
BV 
UV 
(cm-1) 
DOC 
(mg/L)  
10 mL/L       
BV 
UV 
(cm-1) 
DOC 
(mg/L) 
143 0.0355 3.17 
 
100 0.0307 2.993 
1000 0.0585 4.818 
 
800 0.0545 4.545 
1571 0.0622 4.858 
 
1000 0.0557 4.82 
2000 0.0606 4.971 
 
1500 0.0597 4.906 
 
 
 
Figure 48: Multiple-Loading Jar Tests DOC Removal Detected by UV254 for 7 mL/L  
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Figure 49: Multiple-Loading Jar Tests DOC Removal Detected by UV254 for 10 mL/L 
 
 
 
Figure 50: Day 2 Multiple-Loading Jar Tests UV254 Absorbance of 7 mL/L and 10 mL/L 
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C.3 Magnetic Ion Exchange Series Multiple Loading Jar Test Data 
 
Table 44: Series Multiple-Loading Jar Test Results 
 
Use 
Raw UV 
(cm-1) 
Jar B1 UV254 
(cm-1) 
Jar B2 UV254 
(cm-1) 
UV254 
Percent 
Removal 
After 1 Jar 
Total UV254 
Percent 
Removal 
0 0.177 0.177 0.047     
1 0.181 0.047 0.036 73 73 
2 0.167 0.059 0.047 67 67 
3 0.167 0.066 0.053 63 63 
4 0.154 0.068 0.056 61 61 
5 0.151 0.070 0.066 60 60 
6 0.141 0.073 0.069 59 59 
7 0.162 0.078 0.072 56 56 
 
 
      Table 45: Composite Sample Results 
Use 
UV254 
(cm-1) 
DOC 
(mg/L) 
Percent 
Removed 
1 0.0366 3.287 58 
3 0.0365 3.263 59 
5 0.0476 4.027 49 
7 0.0557 4.438 44 
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D. Magnetic Ion Exchange to Granular Activated Carbon in Series Data 
 
    Table 46: Wastewater Characteristics on Day of Tests 
Characteristic Measurement 
pH 6.70 
UV254 0.1598 cm-1 
DOC 6.77 mg/L 
 
 
Table 47: UV254 Measurements After MIEX® Treatment 
 
Jar No. UV254 (cm-1) 
UV254 Percent 
Removal  
1 0.0425 73.4 
2 0.0385 75.9 
3 0.0512 68.0 
4 0.0662 58.6 
5 0.0783 51.0 
6 0.0732 54.2 
7 0.0737 53.9 
8 0.0807 49.5 
9 0.0789 50.6 
10 0.0814 49.1 
11 0.0878 45.1 
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Table 48: UV254 Measurements After GAC Treatment 
 
Time (hrs) UV254 (cm-1) 
0 0.0040 
0.25 0.0097 
0.5 0.0117 
0.75 0.0167 
1 0.0203 
1.25 0.0261 
1.5 0.0297 
1.75 0.0389 
2 0.0381 
2.25 0.0437 
2.5 0.0446 
2.75 0.0498 
3 0.0467 
3.25 0.0501 
3.5 0.0520 
3.75 0.0515 
4 0.0499 
4.25 0.0556 
4.5 0.0574 
4.75 0.0618 
5 0.0533 
5.25 0.0593 
5.5 0.0618 
5.75 0.0680 
6 0.0588 
6.25 0.0568 
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         Table 49: DOC Data After GAC Column 
Time (hrs) mg/L 
Initial Raw 6.77 
0 1.34 
0.5 1.99 
1 2.33 
1.5 2.58 
2 2.86 
2.5 3.00 
3 3.66 
3.5 3.88 
4 3.97 
4.5 3.62 
5 3.51 
5.5 3.53 
6 3.52 
6.5 3.65 
Final Raw 8.19 
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E. Magnetic Ion Exchange to Granular Activated Carbon in Series Design and Scale-up 
Sample calculations for MIEX® scale-up design of a fluidized bed. 
To find the surface area of the tank: 
 
    (
   
   
)  
  (   )
  (   )
      
   (
   
   
)  
      (   )
  (   )
  
A= 6.7 ft2  
To find the volume of the tank: 
 
    (   )   
  (   )
  (
   
   ⁄ )
 
   (   )   
  (   )
      (
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V=133.7 ft3 
To find the tank height: 
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  (   )
 
       (  )  
         
    (   )
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                  Table 50: Design Parameters for MIEX® High Rate Configuration 
 
Variable Quantity  Units 
Flow (36000 gpd) 25.0 gal/min 
Flow (96000 gpd) 66.7 gal/min 
Hydraulic Loading Rate 10.0 gpm/ft2 
Tank Area (36,000) 2.5 ft2 
Tank Area (96,000) 6.7 ft2 
Hydraulic Detention Time 15.0 min 
Tank Volume (36000) 375.0 gal 
Tank Volume (96000) 1000.0 gal 
Tank Volume (36000) 50.1 ft3 
Tank Volume (96000) 133.7 ft3 
Tank Height (36000) 20.1 ft 
Tank Height (96000) 20.1 ft 
 
 
 
Figure 51: CapCost MIEX® Fluidized Bed Capital Cost Estimation 
 
Sample Calculations for holding tank before column steady state flow conditions   
 
                      
    
       
      
 
 
For a GAC column loading rate of 4 gpm/ ft2 and a 1000 gallon volume of treated MIEX® effluent 
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Therefore: 
 
       
      
              
       
      
 
 
               
 
Sample Calculation for GAC Full-Scale Column 
 
                       
      
   
       
 
Find column radius: 
    
 
 
 
 
   
 
  √
 
     
 
  
√
          
   
   
       ⁄
 
         
 
Use column radius to find volume of GAC needed: 
 
     
        
      
 
 
Where: 
    
  
 
 
        
  
 
 
        
 
 
 
 
Therefore: 
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Finding bed height: 
 
  
    
                    
 
  
        
       
 
          
 
 
 
Figure 52: GAC Column CapCost Capital Cost Estimation 
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F. Westford-Acton Groundwater Discharge Permit 
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